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SUMMARY

Pressure distributions associated with stable combustion of aluminum
borohydride in the supersonic stream adjacent to a short, 13-inch chord,
and an extended, 25-inch chord, flat-plate model were determined experi-
mentaelly. The models were mounted in the center of the test section of a
1- by 1-foot Mach 2.46 wind tunnel. High-speed direct and schlieren
motion plctures of the flame and assoclated shock waves were taken, and
selected photographs are presented.

Statlc-pressure increases measured during combustion at selected
chordwise, spanwise, and base static taps are presented. The increase in
static pressure averaged about 60 percent of the nonburning value Tidp x"
resultant 1lift force on the flat-pl¥t2*surface during combustion was of
the order of 100 pounds per square foot at a pregsure altitude of about
52,000 feet. b

'}‘

In addition to the static-pressure changes, total temperatures and
pressures were measured at three chordwise stations within the flame
adjacent to the extended flat plate. The approximate local Mach numbers
at points in the flame were computed from the measured data. '

Y

Because the combustion toock place in & small tunnel, the messurements
were subject to quantitatively unknown tunnel effects, which can best be
determined by performing a simllar large-tunnel or free-flight test for
comparison.

INTRODUCTION

Theoretical studles of serodynamic effects associated with heat
addition to supersonic flow are reported by & number of authors
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(refs. 1 to 3). In addition, several authors have made anslytical pre-
dlctions of practlcal benefits to be achieved by heat addition to the
supersonic stream adjacent tc an aerodynamic body (refs. 4 and 5). For
example, reference 4 shows that the 1if{ of a wing in supersonic flight
should be significantly increased by the direct addition of heat to the
gtream beneath the wing. It also lndicates reduction in drag will occur
when the heat addition takes place adjacent to the rearward-facing
surfaces.

Experimental research has been hampered by the difficulty of finding
8 practlcal method of adding heat directly to a supersonic stream. Com-
bustion of fuel in the stream has been considered for some time as a
poesible method of adding heat. In the past, it had not been possible
to stebilize a flame in such a stream. Recent research has shown that
combustion can be stabllized in regions baving high stream velocities.

In reference 6, for exemple, 1t 1s shown that aluminum borohydride
could be burned stably in the stream below the top wall of a supersonic
wind tunnel wilithout employing any flameholders other than the wall and
its associated boundary layer. The tests of reference 6 were conducted
at Mach numbers of 1.5, 2, and 3. In addition, it is shown in reference
7 that the static-pressure rise along the top wall of the suvpersonic
tunnel caused by the combustion in the stream below was of the order of
20 to 40 percent of the stream static pressure prior to combustion.

The preliminary work reported in references 6 and 7 showed the
feasibility of establishing external combustion below a flat-plate model
located in the test section of a supersonic tunnel. An exploratory
investigation was therefore undertaken to determine the aerodynamic
$rc¥ts of adding heat to the supersonic stream adjacent to a flat-plate
model by external combustion. The £3a¥ of the investigation was to

*obtain a set of aerodynamic measurements during heat addition by utilizing

the baslc cémbustion methods already developed in the preliminary inves-
tigation. No attempt was made to find the most efficient method of com-
bustion in & high-velocity stream or the best fuel for the purpose.

The choice of aluminum borchydride as a fuel was, therefore, dilctated.

This report outlines the techniques used to obtain combustion of

M- Saluwmipum borohydride in the airstream below a flat plate in a 1- by

1-foot Mach 2.46 wind tunnel and the methods employed to measure the
resulting changes in serodynamic parsmeters. Static-pressure changes
measured at the model surface and total-temperature and -pressure changes
measured in the stream during a total of 50 combustion runs are presented,
and thelr implications are discussed. Because thils investigation was In
an area in which much theoretical and experimental work still remaing to
be done, it was difficult to interpret much of the measured data.
Therefore, the datas are presented in this report in such a way as to
allow the reader to made a separate theoretical imterpretation of the
measurements where differences in interpretation are possible.
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APPARATUS AND PROCETURE
Wind Tunnel and Model

The experiments were conducted in the l- by l-foot wind tunnel at
the NACA Lewls laboratory. The tunnel is a nonreturn type and has &
test-section Maech number of 2.46.

The flat plate was mounted at zero angle of attack in a vertical
plane, as illustrated in figure 1, with the reference surface adjacent
to which combustion took place 0.3l inch from the centerline of the
tunnel.

The flat plate was made in two sections, which were constructed so
that they could be used in one of two ways: (1) The upstream section
could be used independently as & short flat-plate model; (2) the two
sections could be fastened together to form an extended flat-plate model.

A photograph of the extended flat-plate model is shown in figure 2.
The reference surface adjacent to whlch combustion took place is shown
in figure 2(a). The back (nonmburning) side of the model with its
removable cover plates which permitted access tc the internal plumbing
and instrumentation is shown in figure 2(b).

The pertinent dimensions of the models are as follows:

ShOI‘t-f la-‘t—Plate length, in- . . . . - . . . . - L4 - L] - . - - o 15
Extended-~flat-plate length, in. et s s s 4 e 8 s o o o o & o 25

WAGEH, 20e o o o o o o e e n e e e e e e e e e e e ... 1
16

Thickness, IBe « « o « « o o o o s+ « o s o s o o s s « « = » 0« « 5/8
Leading-edge half-wedge angle, deg .+ « « « ¢ ¢ ¢ o o « o &« o o« & iz
Blunt trailing-edge thickness, Im: + « « o « « = « « ¢« + « = « . 5/8
Distance from leading edge to fuel orifices, in. . . . . ¢« ¢ . & 3—;:

The locatlons of the static-pressure taps, the fuel orifices, and
the surface thermocouples are shown in figure 3. Rather large static
orifice diameters (0.0400 to 0.0465 in.) were used in order to reduce
plugging by the ash deposits resulting from the combustion.

The Mach number of the stream between the reference surface of the
flat-plate models and the tunnel wall was 2.46 with a maximum spacewise
variation of 10.05. The average Mach number of the stream adjacent to
the model reference surface was 2.45 for the short flat plate and 2.46
for the extended flat plate. Nomburning aserodynamic measurements were
taken to define the flow field existing adjacent to the flat-plate model

HADC ADJ '57-549 9
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as installed and to ensure that all runs were mede under essentially
similar conditions. The average Reynolds number per foot during the
nonburning flow measurements was 4.6x106. Nominal total pressure, total
temperature, and dew point were 48 inches of mercury, 560° R, and -50° F,
respectively. The nonburning aerodynemlc data are summarized in table I
in terms of the ratioc of local static to free-stream total pressure p/Po
at each surface tap.

Prior to and following each combustlon run, the static pressure was
measured at the tummnel nozzle and test-section walls and at those model
tape which were not connected to the pressure-chahge messuring instruments.
These measurements provided a check on the nomburning flow conditions. —
The tunnel-inlet conditions were held as nearly constant as possible
during the combustion period.

Fuel

The fuel used in this investigation, aluminum borohydride, is a
volatlle colorless liquld at the temperature at which it was injected.
Because it ignites spontaneously in alr, the fuel was transferred eilther
by vacuum distillation or directly as a liquid in an inert atmosphere of

dry helium.
The pertinent physical properties of aluminum borohydride AL(BH,)z

obtained from references 8, 9, and 10 are:

Melting point, OC & v v v o v & & v o o o o o s o o o s o o o o+ =64.5
Normal boiling point, OC . ¢« v & ¢ ¢ & v ¢ v ¢ v s o o v o o o o 44.5
Vapor pressure at 20° C, mm HE « « + « o « & ¢ ¢ o o o ¢ o o o s 295
Density at 20° C, g/eC & ¢ « v v ¢ ¢ v 4 e o v v 4 0 e e . . .. 0.554
Viscosity at 20° C, centipoise . « « ¢ vlv ¢ o o« ¢ « o « . . . 0.215
Heat of combustion, J/CC « v & ¢ ¢ « ¢ ¢ ¢ o ¢ « 4 o o« o & « « » 32,000

(24,800 Btu/1b)

The temperature dependence of veapor pressure and density is as
follows:
1565
log p = 7.808 - T

where the vapor pressure p is in mlllimeters of mercury and the temper-
ature T is in %K, and

p = 0.7866 - 0.000793 T

where the density ¢ 1is 1n grams per cubic centimeter and T is in oK.

L
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Fuel Injection

The method of inJecting the liquid aluminum borohydride into the
gupersonic stream adjacent to the flat plate was similar to that of
references 6 and 7. The fuel-injection system is shown in figure 4.
Pigure 4(a) is a schematic sketch of the fuel system. A closeup of the
valve-type fuel injector which contained the Al(BE,)z is shown in

figure 4(b). The injector was coupled to & 1/8-inch copper tube connected
to & fuel manifold inside the model. . From the fuel manifold, three l/ 16-
inch tubes of approximately equal flow resistance were commected to three
fuel orifices drilled in the reference surface. The fuel orifices were
0.016-inch in diameter and were located as shown in figure 3.

The fuel-injection procedure was as follows: The injector was
charged with spproximately 25 cubic centimeters of AL(BH,)z through

the upper valve by distilletion to the condensation arm from a conventional
vacuun-transfer line. It was then mounted on the remote-controlled
injection system on top of the tunnel. The injector was next pressurlzed
with dry helium through the upper valve to about 50 pounds per square inch
gage. Then, the fuel lines below the lower valve of the injector were
flushed by & continuous stream of low-pressure helium (20 lb/ sq in. gage)
which flowed out the three fuel orifices. The helium was turned off by

a solenoid-operated valve just before the lower valve of the fuel

injector was opened by the drive motor. The fuel was injected through

the three orifices for a 1- to 5-second period until 1t was all expelled
from the injector. The liquid was stomized by the high-velocity air-
stream. Following fuel inJection, the injector and the lines were
flushed with helium to remove the residusl fuel.

The amount of fuel, the helium injection pressure, the injectlon
duration, and the fuel-flow rate (total through the three orifices) used
for each combustion run are glven in teble IT, The fuel-flow rate (approx.
11 cc/sec) was selected on the basis of the experience galned in the work
reported in references 6 and 7. The runs were limited to less than 5
seconds in order to avold overheating the tunnel windows and to econo-
mize on fuel. The fuel-flow rates glven in table II were determined
from the volume of fuel contained in the injector and the duration of
fuel flow. The duration of fuel flow for each run was determined by
measuring the average width, ln seconds, of the pressure-change traces
and adding 0.2 second to this period to allow for the period prior to
ignition and for the post-flame period.

Ignition
It is shown in reference 6 that, although aluminum borohydride could
ignite spontaneously when injected into the alrstream of a supersonic

wind tunnel, it was desirable to ensure prompt ignition by employing an
ignitor. An electric-spark-type ignitor was therefore used. The ignitor
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vas & 1/4-inch rod which extended from the tunnel wall to within spark-
gap distance (of the order of 3/16 in.) of the plate surface. The tip of
the rod was so placed that it wasg in line with the fuel stream from the
lower fuel orifice and was about 3/8 to 5/8 inch upstream of the blunt
trailing edge of the model. The ignitor was connected to a 1l-Jjoule,
repeating, capacltance-type power supply which provided a spark from the
rod to the model surfece five times & second.

Three differently shaped ignitor rods were employed along with
different tunnel-entrance port ldcations. The ignitor shepe and tunnel-
entrance port locations were varied as necessary in order to accommodate
the long and short models and the varilous stresm probes émployed.

Figure 5 shows the three configurations employed and identifieg them
with the nunber referred to in tables I and III and other sections of
this report.

' Photogrephy

The tunnel was equipped with a schlieren system for flow visualilzs-
tion and photography. The model was mounted across the schlieren windows,
as shown in figure 1, so that most of the short-flat-plate model and the
adjacent supersonic stream could be photographed. A photograph of the
short-flat-plate model attached to the upper schlieren window retaining
ring is shown in figure 6. When the extended-flet-plate model was used,
only the upstream half of the model was vislible as the extension plate
was Jolned to the short plate just downstream of the window retaining

ring.

During many of the combustion runs, two high-speed (1000 to 4000
frames/sec) motion-plcture cameras were employed simultaneously. One
camera took direct motion pictures of the flame in the stream, and the
other was used with the schlieren optlcal system to obtain schlieren
motion pletures. Timing merkers at the edge of the films allowed the
events on both films to be correlated. The direct motion-picture camera
wa.s focused on the image of the model in the top 45° flat mlrror of the
schlieren system with the ald of & long-focal-length lens. Because the
flame was bright, 1t was posslble to take either black and white or color
motion pilctures at frame speeds between 1000 and 4000 frames per second.

During some runs, an 8- by 10-inch still camera on the schlieren
system was employed instead of the high-speed motion-plcture camersa to
get & combination open-shutter photograph of the flame and a flash photo-
graph of the shock waves accompanying the combustion on the same film.
This was done by opening the 8- by 1l0-inch camera shutter Jjust before the
run and then flashing the mercury-bulb-type light source for the schlleren
system when the flame was well established. The shutter was closed at the
completion of the flash.

& L
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Method of Measuring Model Static-Pressure Changes
Resulting from Combustion

Static-pressure changes at the model surface and in the base region
were made during each combustion run. The change in pressure resulting
from combustion was measured at selected locations by either a Statham
strain-gage-type differential pressure transducer or by an NACA standard
base six-capsule differential pressure manometer.

Ten channels of amplificatlon and recording were avallable for the
strain-gege pressure transducers. These along with two six-caspsule
manometers provided a total of 22 channels for measuring static-pressure
changes.

A fixed reference pressure for the 2Z differentiasl pressure trans-

ducers was provided by a vaecuum pump continuously removing air from a
reference tenk provided with an adjustable air bleed to the stmosphere.

The strain-gage pressure transducers had a range of either x4 inches
of mercury or £10 inches of mercury differential pressure. The six-
capsule manometers hed a range of -0.5 to 3 inches of mercury differential
pressure. In order to avold exceeding the range of the pressure trans-
ducers, they were isolated from the model orifices and both sides of the
sensing elements were kept at reference pressure while test conditions
were being established or terminated.

As shown 1n reference 7, the pressure change at any point due to
combustion of Al(BH4)3 in a supersonic tunnel was essentially rectangular

in form with respect to time for constent fuel flow over the combustion
interval. On the baslis of that experience and & contemplated 1- to
5-gecond combustion period, the time response characterlstics of the
components of the pressure-change measuring systems (orifices, tubing,
pressure transducers, chart recorders, etc.) were selected and matched

to provide an over-all response of 98 percent of the steady-state value

in 1 second or less. Since the typical run was of the order of 2 seconds,
approximately half the pressure-change trace was at the steady-state level.

Semple pressure-change traces for the strein-gage lnstrument and for
the six-capsule instrument are shown in figure 7. These traces show the
typical exponential rise during the first half of the trace. The traces
then flatten out to an epproximate plateau, which is the steady-state
value. On most traces, just at the end of the combustion period, there
is a small bump of increased pressure change followed by an exponential
decay in pressure to approximately the original level.

The calibrations of both types of instruments were periodically

checked in place against a butyl phthalate manometer. In addition to
the static calibration check, the use of two different types of pressure
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transducers allowed a consistency check on the response of each type of
Instrument to the pressure changes caused by combustion. The Iintermixed
pressure-change values measured along the plate usually fell on a rea-
sonably smooth curve when plotted.

Because of the formation of ash on the surface of the model during
combustion (see fig. 6, e.g.), there was a tendency for the static ori-
fices to plug or partially plug. Complete pluggling could easily be
detected by an obvious flattenlng of the pulse and fallure to return to
the original level at the end of the combustlon period. In the case of
partial plugging of the static orifices, it was not always possible to
say wlth certainty whether or not the time constants of the measuring
system were changed enough to affect the indlcated pressure change. For
this reason, some of the measured pressure-change values lncluded in the
data may be conservative.

Method of Messuring Stream Temperature and Pressure Changes
Resulting from Combustion

In addition to measurements of static-pressure changes along the
plate, a serles of measurements in the stream itself was made. Changes
in local total pressure, total temperature, and stream static pressure
were measured during combustion at several stations. These measurements
were made along the lines perpendicular to the surface of the flat plate
at three chordwise stations located along the centerline of the model
surface. As shown in figure 8, these statlons were 5.25, 15.5, and 20.0
inches from the fuel orifice. Because of the effect of a probe on the
stream flow and on combustion, particulsrly downstream of the probe, a
single station was surveyed during each run. Static-pressure changes
along the plate upstream of the probe statlion were also measured during
each run. These were made so that the relative intensity of the combus-
tion runs could be compared and any effect of the probes on the upstream
static profiles could be determined.

In addition to the measurements 1n the heated stream adjacent to
the flat plate, some total-pressure and -temperature measurements were
mede in the waske reglon. The measurements were made 7 inches downstream
of the base of the extended-flat-plate model in a plane perpendicular
to the surface of the plaste at 1ts centerline, as shown in figure 8.

Total pressure. - The total-pressure probe was & seven-tube rake.
The rake tubes were spaced 1/2 inch apart with the first tube usually
located 1/4 inch from the flat-plate surface. The tubes were made of
Inconel and had an outside diameter of 0.090 inch and & thickness of
0.020 inch. They extended 3/4 inch upstream of the centerline of the
reke stem. A schlieren photograph (fig. 9) of the rake at the upstream
station shows the shock waves asgsocilated with it.

8CT¥
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The change in total tube pressures were measured with +10-pound-
per-square-inch or +20-pound-per-square-inch Stathem strain-gage-type
pressure transducers. An lndependent reference pressure system was
employed.

A typical set of indicated pressure-change pulses measured with the
total-pressure reke is shown in figure 10. They are similar in shape to
the static-pressure-change traces of figure 7.

Total temperature. - The local stream total temperature was measured
with seven thermocouple rakes, which were similar in exterral dimensions
to the total-pressure rekes. The Junctions were 1/2 inch apart with the
first couple usually located l/4 inch from the flat-plate surface. The
Junctions were 3/4 inch uypstream of the centerline of the rake stem.

Two different thermocouple types were employed. For one serles of
measurements, 28-gage (0.0ls-in. diam) chromel-alumel thermocouple wire
with & transverse butt-welded Junction was employed. The measurements
were then repeated with rakes using 30-gage (0.010-in. diam) platinum -
platinum plus 13 percent rhodium thermocouple wire with spike-type
Junctions. The measurements were made with the two different types of
thermocouples because the higher temperstures were above the usable
steady-state range for the chromel-alumel thermocouples and because there
was a grester possibllity of catalytic action of the platinum thermocouple
on the combustion at the lower temperatures. A schlieren photogreph of a
thermocouple rake in the stream is shown in figure 11.

The reference junctions were at room temperature. The output of
each thermocouple was amplified by a Brush d-c amplifier, which was con-
nected to a strip-chart recorder. A sample thermocouple output trace ob-
tained from the strip-chart recorder during a combustlion run is shown in
figure 12. The calibration of the amplifier and recorder was accomplished
by employing a potentiometer and standard electrémotive-force charts for
egch type of thermocouple.

Stream stgtic pressure. - Static-pressure changes in the stream
were measured with & three-prong reke. A schlieren photogreph of this
reke is shown in figure 13. The needle-like prongs had a cylindrical
outside diameter of 0.090 inch and were allned with the nonburning flow.
Four static orifices (no. 69 drill) were drilled in each prong at right
angles to each other 1.17 inches downstream of the nose. The prongs
were spaced so that the two closest to the flat plate were 1 inch apart
and the third was 2 inches from the second. The first prong was loceted
0.75 inch from the plate surface when at station I and 1.00 inch from
the surface at stations IT and ITI.

The change in stream static pressure due to combustion, which was
sensed by the rake, was measured by employlng three of the 10 strain-
gage pressure-transducer channels previously described for measuring
gtatic-pressure changes on the surface.

e
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Surface Temperature Measurements During Combustion

The temperature of the flat-plate reference surface was measured ..
during some of the combustion runs. This was done by mounting the bare
ends of 0.01C-inch-diameter chromel-alumel thermocouple wire in milled
grooves 1in the surface so that the top of the wire formed part of the
surface itself. The porticne of the wires leading into the inslde of
the model were insulated so that the only electric contact was along
the 0.010-inch deep grooves. The surface thermocouple locations are
shown in figure 3.

The output of the surface thermocouples was amplifiled and recorded
by uslng the d-c ampliflers apd chart recorders described for the stream
measurements.

RESULTS AND DISCUSSION
Description of Combustion 'and Associated Stream Disturbances

Fifty combustion runs were made with the flat-plate models. These
runs are numbered and summerized in tables IT and ITI. The first five
runs of table II were taken with the short flat plate. The remaining
45 runs were mede with the extended flat plate. The type of spark-
ignitor configuration employed in each run is gilven in table III.

Description of flame. - The combustion of the aluminum borohydride
in the airstream adjacent to the flat-plate models durlng these runs
appeared to the naked eye as a very steady, smooth, bright-green or
yellow-green flame. There was no spparent difference in the general
appearance of the flame adjJacent to the short flat plate and that ob-
served adjacent to the forward half of the extended flat-plate model.
Similar impressions were obtained from the 8- by 10-inch photographs
taken by the combination open-shutter and schlleren flash technique.
Figure 14 contains several such photographs. Figure 14(a) shows a
schlieren flash photograph of the flow field Just prior to combustion.
Helium used to inert the fuel system is flowing from the orifices. The
shock wave assoclated with the helium flow can be used to locate the
approximate chordwise position of the fuel orifices. Figures 14(p) and
(¢) show typical combined open-shutter flame and schlieren flash photo-
grephs from two combustion runs (runs 31 and 32 of table II). These
photographs show that in gross detail the combustion runs were similar
and reproducible. Gomparison of figure 14(a) with figures 14(b) and (c)
shows that the flame advanced aspproximstely 1 inch upstream of the fuel
orifices. :

The high-speed direct and schlieren motion pictures showed that each
combustion run had three stages. The first stage (occurring within 0.1
to 0.2 sec from the start of the fuel inJection) conslsted of ignition

8CT¥
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of the fuel from the lower orifice at the ignitor followed by & very
rapid upstream travel of the flame to the injection region and simnlita-
neous lateral spreading to the fuel streams from the middle and top fuel
orifices. The second stage (lasting on the order of 80 to 90 percent of
the injection period) consisted of stable combustion with the flame
seated in the vicinity of the injection region and extending downstrezm
into the wake. The third stage was a periocd of unstable combustion
(lasting about 0.2 sec) which took place as the last portions of the
fuel were being expelled from the orifices. Stages IT and ITT are
illustrated by figure 15. Figure 15 contains selected direct and
schlieren motion-picture frames from the middle and end portions of run
18 of teble II. Figure 15(a) contalns direct photographs of the flame,
Frames 1 to 4 are from stage II of the rumns while frames 5 to 10 show
the end oscillations of the fleme (stage III). Figure 15(b) consists of
selected framesg from the schlieren motion pilctures. Frames 1 and 2 were
selected from the middle portion of the run (stage II) and frames 3 to

8 were selected to illustrate the end oscillatlons of stage III.

These photographs show that the flame adjacent to the surface
conslsted of three tongues of flame asgsocliated with the three fuel ori-
fices. During the mein portion of the run (stage II), the three tongues
of flame merged into approximately & single slab of flame a few inches
downstream of the fuel orifices. Although the flame had a very definite
average configuration (fig. 14) and appeared steady to the eye, the high-
speed movies show that at least the upstream portions of these flame
tongues were often osclllating in the chordwise direction with a high-
frequency low-amplitude motion. During the last part of the run (stage
IIT) as the fuel flow declined and the fuel injection became erratic,
the slab of flame broke up into definite individual flame tongues of
diminished intensity which oscillated up and downstream individually
with increasing amplitude while gradually retreating downstream toward
the base of the model. The retreating tongues of the flame can be seen
in frames 5 to 10 of figure 15(a) and frames 3 to 8 of figure 15(b).

The second or steady stage of combustion 1ls of major interest in
this investigetion as the aerodynamic variables were measured during this
stage only. The sterting and end transients in the pressure field during
stages I and III were not measured as the frequency response of the
pressure-measuring equlpment was not adequate for this purpose.

Although the flame appeared to the eye as bright green or yellow-
green in color, the high-speed (1000 to 4000 frames/sec) color motion
plectures of the flame recorded three predominant colors in the flame.
There was a pale-blue region in the upstream area, particularly in the
region where the flame was strongly expanding outward. This wes followed
in the outer downstream regions of the flame by a more extensive area
with the typical green color assoclated with the coumbustion of boron
compounds, which 1s so noticegble to the naked eye. AdJacent to the
surface of the flat plate was a layer which was quite orange in
color and which extended along a large part of the plate.

~~ PRy
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An evaluatlon of the degree of spanwise spresding and other struc-
tural details of the flame region was obtained by supplementing visual
and photographic observation of the flame with measurements of the
geometry of the ash pattern formed on the surface during each run. A
typical ash deposit on the short flat plate is shown in figure 6. In
the particuler run, it can be seen from the ash pattern that the upsatream
portion of the tongue of flame associated with the center fuel orifice
wag located somewhat downstream with respect to the outer-flame tongues.
The relative upstream advancement of the flame tongue from each orifice
vaired from run to run with approximetely equal advancement occurring
quite often. The distance that the flame traveled upstream of the fuel
orifices was recorded by ash patterns similar to that of figure 6 as
well as by the flame photographs for each run. The maximum upstream

travel beyond the fuel orifices was about'l% inches. The ash pattern on

the extension plate was much more uniform than on the upstream section.
The sharp gradations in ash color and the complex patterns evident in
the upstream sections of the short flat plate were not usually present
on the extension plate. The extension plate was usually covered with an
almost rectangular ash pattern extending out to within about 1 inch of
the tunnel walls on each side of the plate. Thus, as the flame extended
downstream, it appeared to become more homogeneous and behave more as a
gingle slab. The base region of the extengion plate was also covered
with a fairly uniform lsyer of ash.

Degcription of flame shock system. - A complex three-dimensional
system of shock waves was associated with the combustion in the stream
adjacent to the flat plate. These disturbances are visible in the
schlieren photographs of combustion in figures 14(b), 14(c), and 15(b).
These photographs show that the stream disturbances originaste from
several sources. Associated with the upstream portions of the flame
tongue from the fuel orifices were a serles of shocks which united to
form the main shock system caused by the flame. When a flame tongue
advanced upstream or retreated downstream, these shocks moved with 1t,
as shown In figure 15. Throughout the runs, there was a shock which
originated in each flame tongue at the point where fuel was injected and
which remained relatively motionless during most of stage II, while the
other flame ghocks osclllated with high-frequency and low-amplitude
motion. Upstream of the main flame shocks, there were weaker disturbances
probably associated with the ash deposits at the far upstream edges of
the flame. As the flame retreated downstream, these weak dilsturbances
often remained.

Static-Pressure Change at Model Reference Surface Caused by Combustion

The static-pressure Ilncreases measured at the surface of the flat-
plate model during the combustlon runs are summsrized in teble II. The
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static pressure prior to combustion at each surface tap can be obtained
from the data of tables III and I, which give the total pressure for

each run and the nonburning ratios of static to total pressure for each
surface tap, respectlvely. The static pressure during combustion at

each surface tap, 1f desired, can be obtalned by adding the pressure
change from teble II to the correspondlng nonburning pressure for the
run. The first 21 runs listed in table IT were primarily for the purpose
of measuring static-pressure changes at the model surface. During these
21 runs, there were no probes in the stream adjacent to the flat-plate
reference surface. Table ITI does not include pressure-change dats for a
statlic tap when definite plugging of the orifice by ash deposits occurred
during a run. Pressure-change measurements where partial plugging was
suspected but not definitely established were inecluded in the table.
These values would be somewhat smaller than the actual pressure changes
which occurred in the stream.

Static-pressure measurements were made first with the short-flat-
plate model to ensure that the model would be well within the test
rhombus formed by the shock-wave system associated with the flame.
However, inasmuch as flame was stlll visible a considerable distance
downstream of the base and because there was no apparent way to scale
down the flame, it was necessary to lengthen the chord of the model to
better fit the slze of the heated reglon. Therefore, the remaining runs
were made with the extended flat plate, which matched the length of the
heated region much better. However, the disadvantage of the extension
was that the flame shock-wave system reflected from the tunnel wall and
struck the heated region of the stream forward of its base.

Short flat plate. - The chordwise distribution of the increase in
static pressure p, - P along the centerline of the model surface caused

by combustion in the stream is shown in figure 16 for two runs (runs 1
and 5, teble II). In each run the pressure increase rose to a peak

value of a little over 2 inches of mercury at a distance of 1 inch down-
stream of the fuel orifice and then decreased rapldly to & minimum value
of less than 0.5 inch of mercury at about 5 inches downstream of the fuel®
orifice. Downstream of this minimum, there was a modest trend toward
increased pressure change with distance.

Chordwise and spanwise plots of the individual pressure-change values
messured at the model surface during the five short-flat-plate combustion
runs listed in table II are presented in figure 17. The average chord-
wise and spanwlisge pressure changes are also given in figure 17 by the
curves faired through the average pressure change at each tap. The data
of figure 17 show that, although the runs were of different intensities
(fuel-injection rates, 5 to 14 cc/sec), the same general pressure-change
pattern occurred in all runs.

In order to be certaln that the pressure-change pattern observed
was not caused simply by the shock waves associated with the injection

T
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of a liquid into the supersonic stream, two types of nonburning checks )
were made. In one, the fuel injector was loaded with acetone, and a v
nonburning run was made under the ususl operating conditlions. The second

type was obtained with aluminum borohydride, which was injected as usual

but was not ignited. The pressure changes caused by the liquid injection

during these check runs were small (a2 maximum of 0.15 in. Hg) compared

with the ones occurring during combustion. It was, therefore, concluded

that the dlsturbances caused by the liquid injection had very little o
effect on the messurements made during combustion.

—~———

Because the peak and minimum pressure-change regions measured during
combustlion occupled such a large fraction of the chord of the short-flat-
plate model, apparently becatise of the poor matching of the heat-addition
region with model length, only five runs were made prlor to adding the
extension plate. On the basis of the preliminary work of reference 7, it
wes expected that adding the extension to the flat plate would permit
measuring an additional pressure increase farther downstream which wes
beginning to appear on the last few inches of the plate.

Extended flat plate. - Chordwlse statlc-pressure changes from two
typical extended-flat-plate combustion runs (runs 12 and 13, table II)
are presented in figure 18. Comparison of runs 12 and 13 with the short-
flat-plate data shows that the general pattern was similsr. That is,
there was a maximum incregse in pressure about 1 inch downstream of the
fuel orifice followed by a minimum 4 to 5 lnches downstream of the fuel
orifice. Because of the extra 12 inches of chord length provided by the ]
extension plate, the pressure-change curve downstream of the minimum
rose to much higher values (of the order of 2 in. Hg) before the end of
the plate was reached than were measured with the short f£lat plate.

This trend 1s consistent with the data of reference 7. In reference 7,
the pressure change along the top wall of a 4- by 1O0-inch supersonic wind
tunnel during combustion of Al(BH4)3 in the stream below Iincreased with

distance downstream of the fuel orifice up to about 20 lnches, where it
became relatively more constant with increasing distance. In figure 18,
the strain-gage dats (solid circles) and pressure-capsule date (open
symbols) are designated differently in order to illustrate the degree of
quantitative agreement usually experienced with the two types of pressure-
measuring instruments during a given run. o

Because the intengity of combustion varied from run to run, there
were marked differencesg in the statlic-pressure increases measured at a
glven tap. To illustrate this variance, the curves showing the maximum
(run 15, teble II) and the minimum (run 6, table II) chordwise changes
in pressure are shown in figure 19 along wlth the average chordwise
pressure-change curve for runs 6 to 21 of table IT (runs 10 and 14 were
not included because the center fuel orifice plugged early in each run). .

Figure 19 shows that, in genersasl, there was a rough correlastion of ’
pressure change with fuel-flow rate. The maximum- and minimum-change
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runs had, respectively, the highest and lowest fuel-flow rate of the
group of runs. The data of table II show, however, thet because of the
lack of control of all variables (the irdividual flow from each fuel
orifice, e.g.) and because of inaccuracies in the measurement of fuel-
flow rate the magnitude of the pressure-change effect correlates with
the fuel-flow rate only in a gross sense.

Although the pressure effects varied conslderably between some of
the runs, the flame shape and shock configurations were quaelitatively
similer for all runs. Thils can be seen by comparing the photographs of
the flame and shock waves shown in figure 20 for the maximum-change run
(run 15) with those previously shown for a more average run (fig. 15).

If the higher- and lower-fuel-flow-rate runs are excluded, there
wasg considerably less variation in pressure change at any given tap
measured from run to run. This 1s shown In figure 21, where only data
from runs with fuel-flow rates of 9.6 to 11.8 cublc centimeters per
second are plotted. The average chordwise and spanwlse pressure-change
curves for these runs are also given In the figure. The spanwise data
of figure 21 show that the flame spread out laterally in such a manner
that the pressure was reasonably constant across the span. The slightly
unsymmetrical deviations of the data from the constant pressure-change
line drawn through the average value at each spanwise stastion are
probably caused by smell differences in average fuel-flow rates through
the three orifices. The lower fuel orifice (-2 in. from centerline)
apparently had the highest average fuel-flow rate of the three.

It was necessary to ascertain that the statlc pressures measured on
the flat-plate surface were the result of the adjacent combustion zone
and its assoclated shock gystem rather than the result of any change in
the gross flow through the tunnel which might be caused by combustion.
In reference 6, it is demonstrated (as predicted by theory) that for
sufficiently high fuel-flow rates it was possible by the combustion of
aluminum borochydride in the stream to choke the flow of the entire test
sectlon of a 4- by lO-inch supersonic tunnel causing the normal shock to
“"pop" upstream.

In order to be cerialin that the free-stream flow of the 1- by l-foot
tunnel was not disturbed by the combustion, the angle of the shock off
the leading-edge wedge on the nonburning side of the flat plate was
checked for constancy before and during combustion with the ald of the
high-speed schlieren motion pictures. No measurable change in the shock
angle occurred during any of the runs. In addition, for some runs strain-
gage-type pressure transducers were connected to the plenum-chamber static
orifice and to several test-section wall static taps on the nonburning
side of the model. These measurements indicgted that no significant
change occurred in the plenum or test-section pressure levels.

e
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Lift Forces Resulting from Combustion

The static-pressure increases at the flat-plate surface caused by
combustion in the adjacent supersonic stream resulted in 1ift forces on
the surface. The 1ift forces obtained in the tunnel (and not corrected
for tunnel effects) can be calculated from the pressure-change data of
table II.

Representative values of 1lift for the extended-flat-plate surface
were obtalned by integrating several chordwise static-pressure-change
profiles. It was assumed that the pressure during combustion was constant
across the entire foot of the span at each chordwise position. The span-
wlse data of figure 21 indicate that this is & good assumption at chord-
wlse distances greater than 5 inches downstream of the fuel orifices.

In the vicinity of the fuel orifices this assumption is, of course, not
true because the flame and pressure fields vary spanwise between orifice
Jocations.

The 1lift on the flat-plate surface during combustion was calculated
for the average, maximum, and minimum chordwise pressure-change profiles
given in figure 19. The resultant 1ift forces obtained were 209, 283,
and 120 pounds, respectively. Since the flame was adjacent to about 23

inches of chord (assuming a 15-in. advance upstream of the fuel orifices),

this represents an average 1ift force of the order of 100 pounds per
square foot. Inasmuch as the free-stream static pressure corresponded
to & pressure altitude of about 52,000 feet, the 1ift obtalned in the
tunnel would be of practical magnitude if 1t can be reslized in free
£light.

Base Pressure Change Caused by Combustion

Although the models and installatlon were deslgned primarily for
flat-plate aserodynemic studies, the pressure changes measured at the base
static tapes are of qualitative interest because of theilr effect on base
drag. The pressure-change.data measured duiing the combustion runs at
the base static taps are therefore included in table II.

The base pressure changes Pb,cl' Pp are summarized in figure 22

for both the short and the extended flat plates. A constant pressure-
change line is drawn thyrough the average base-pressure change for each
model. Inasmuch as the average base pressure prior to combustion was
less than 1 inch of mereury, these changes represent 270- to 400-percent
Increases in base static pressure. }

The interpretation of the base-pressure-increase data is complicated
by the poor aerodynsmlc flow on the nonburning side of the model and by
tunnel effects, such as the effect of reflected shocks in the wake region.

8CT¥



4138

[V O

NACA RM ESTEL6 @ 17

However, the large magnitude of these base-pressure increases offers
promise of obtaining base-drag reduction by external combustion. In
fact, pressure increases will probably occur on all rearward-facing
surfaces adjacent to the combustion region 1n an external stream. Thus,
some reduction in pressure drag and base drag can be expected from
properly distributed external combustion about an serodynemic body.

Stream-Parameter Measurements During Combustion

Various stream paremeters were measured during combustion in order
to determine the temperature and the Mach number levels within the flame.
Runs 22 to 50 of teble IT wexre for the purpose of making total-temperature,
total-pressure, and stream-static-pressure measurements. Photographs of
the total-temperature and -pressure probes in the stream at station I
(fig. 8) during combustion are shown in figure 23. Figure 23(a) shows
a direct and a schlieren frame of one of the thermocouple rakes in the
stream. The total-pressure reke is shown in figure 23(b).

Because of the many uncertainties which exist with regard to the
composition, kinetics, thermodynamics, and aerodynamics of the system,
it 1s not possible &t this time to determine accurately the Mach number
within a flame in & high-veloclty stream. Therefore, the actual indicated
date are glven in tables for the stream messurements with no correction
for local Mach number or heat-transfer effects. This wlll allow the
reader to make an independent evaluation of the conditions within the
flame if he so desires. In addition, the data, converted to stream
values by using the approximate local Mach number as determined from the
stream meagurements assuming simple stream-tube flow, are summarized and
discussed in this section. The methods and assumptions used to determine
local Mach numbers from the stream data and to correct the indicated data
to local stream values are glven in appendilx A.

Total temperature. - Temperatures indicated by the thermocouple rakes
located at chordwise stations I, II, and IIT and at the wake statlon are
given in table IV. Many of the indicated temperatures (not corrected for
radiation or recovery-ratio losses) reached the 2500° to 3500° R range.
The indicated wake temperatures were sbout one-half as high.

The indicated total-temperature date of teble IV were converted to
local stream values by the methods of esppendlix A and are shown in figure
24. The total temperatures shown in figure 24 are average values for
each thermocouple location. These data show that the flame extended

out from the model surface a distance of 1 to l% inches &t station 1,

z% inches at station II, and about 2L inches at station III. Because
> .

of the physical properties of the thermocouple material, the platinum
thermocouple date are probably more sccurate than the chromel-alumel
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thermocouple data at temperatures above 2500° R. At lower temperatures,
the chromel-alumel data are probebly more daccturate because of their
greater electromotive-force output. The faired curves through the
average data poilnts were drawn accordingly. Part of the temperature
differences between thermocouple types and between chordwise station
locations evident in table IV and in the average values of figure 24 may
have been caused by differences in combustion intensity from run to run,
by the lack of precision of the temperature measurements, or both. Thé
data of figure 24 are, therefore, primarily indicative of the general
temperature level of the flame in the stream adjeacent to the model.

Total pressure. - The 1ndicated total-pressure changes due to combus-
tion are summarized In table V. Within the flame region, the combusgtion
caused a large decrease in indicated pressure at each total tube. Thig_
decrease was &as much &s 18 to 20 inches of mercury. Outside the flame
region, the total tubes apparently were affected primarily by the change
in strength of the local shock wave ahead of each tube caused by the
reduction in Mach number behind the shock-wave system associated with
the flame. In this region, therefore, the total tubes indlcated an
increase in pressure of the order of 6 to 8 lnches of mercury.

The average local total pressures at reke statlons I, II, and IIT
during combustion were calculation from the indicated total-pressure-
change data of table V by employing the assumptions of appendix A. The
results are shown in figure 25. PFigure 25 shows that the total pressure
dropped to very low values withln the flame region at the three rake
statlons. At several points in the flame, 1t was within 1 inch of mercury
of the static pressure durlng combustion. The total-pressure profiles
and the corresponding total-temperature profiles (fig. 24) yield the
same values for the thickness of the heated reglon at each rake station,

1l.e. ll 2-:2 and Zl inches at stations I, IX, and IIT, respectively.

4’ "4’ 2
At the stream boundary of the flame, two values of average total pressure
are given at gtations I and II. One value is representative of total
pressure measured in the flrst part of the runs, and the other value
(indicated by a talled symbol) i1s for the pressure during the last half
of the rune. The flame apparently expanded out slightly into the stream
late 1n each run. This put the pressure tube at the edge of the flame
region & little deeper into the flame region, thus accounting for the
greater decrease in pressure. _ o

The dlfferences shown in flgure 25 between total pressures in the
heart of the flame at the three rske stations may not be significant
because of the previcusly dilscussed variations in the runs and because
the differences are of the same order &as the possible error in measurement
for the pressures lower than 7 inches of mercury.

BETV
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Stream static pressure. - It is reasonable to assume that within
the flame region the statlc-pressure gradient is gpproximately zero
normal to the flat plate. A few static-pressure-change measurements
were made within the flame and adjacent stream with the three-prong static
rake to check the validity of thils assumption.

In figure 26 data from a stream static-pressure-change measurement
at each of the three chordwise rake statlons are shown. These data show
that the static-pressure change within the flame and the adjacent non-
burning stream behind the flame shock system can be regarded as spproxi-
mately constant (allowing for secondary disturbances in the stream) along
a line perpendicular to the surface. The surface valuées of static pres-
sure during combustion are therefore representative of the static pres-
gure in the flame region adjacent to the plate. Figure 26 shows that at
gtation I the static pressure 3.75 inches from the suxrface showed no
significant change (within the accuracy of measurement). The static
probe at this position was in the undisturbed stream outside of the flame
and the main flame shock system. As the point of measurement was quite
close to the main flame shock system, the small pressure increase may have
been due to & wesk shock originating at the farthest upstream edge of the
flame or the ash deposit. It should be noted that the pressure changes
presented for station III were not typilcal in magnitude for the corre-
sponding chordwise position. The unusually small pressure lncreases
measured during this run (run 49) were due to a low fuel-flow rate
(6.1 cc/sec). However, the pressure change was nearly constant along &
line perpendiculsr to the surface, as it was in the stronger runs.

Local Mach number during combustion. - An estimate of the local Mach
number at the three chordwise stations in the flame and adjacent streanm
can be obtained from the stream meagurements. The method and the
assumptions used to calculate the Mach number from the stream data are
given in asppendix A.

Figure 27 shows the Mach numbers obtained at distances between 1/4
and 3} jnches from the Plat-plate surface at the three rake stations.
4

The date for reke station I are included, although they are probably the
least reliable in view of the assumptions used in the calculations be-
cause of theilr upstream location. Because, &s discussed in appendix B,
the rekes affected the statlc-pressure profiles during combustion, the
locel Mach nurber was determined at each station from both the value of
the average local static pressure meassured with rakes present (s0lid
gymbols) and the average value with no rakes in the stream (open symbols).

The data of figure 27 show that at the three rake statlons the Mach
number was subsonic throughout much of the depth of the flame, becoming
sonic and low supersonic only at the outer edges. The Mach number values
of this figure should be interpreted as indicative of the estimated
general Mach number regime preveiling in the flame rather than providing
a detailed profile at each station.

re——
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Surface Temperature Changes During Combustion .

Surface tempersture measurements during some of the combustion runs
were made with the six surface thermocouples located as shown in figure
3. Although the model surface had a rather thick skin for transient
hegt-transfer measurements, it was anticipated that s measursble increase
in surface temperature would occur because of the high temperatures
expected in the stream. Actually, the increase in surface temperature
was so small that it was barely measurable with the instrumentation used.
The maximum temperature measured at any point on the plate surface was
150° F (about a 70° F change). This change was measured during the
longest run (run 49, teble II). A typical rate of temperature increase
was about 10° F per second, with the highest rates about 18° F per second.

C~TH

GENERAL, DISCUSSION

It was relatively easy to sustain external combustion of aluminum
borohydride in the airstream adjacent to a 25-inch-chord two-dimensional
flat-plate model in a Mach 2.46 wind tunmnel. The runs showed good general
reproducibllity and were quite trouble free.

The chordwise pressure-~increase profile that was measured over the

downstream portion of the extended-flat-plate model was qualitatively r
simlilar to that caused by a flame beneath the top wall of a supersonic
wind tunnel in the prelimlnery investigation reported in reference 7. )

The megnitude of the pressure change was greater, however, of the order
of 60 percent of the statle pressure prior to combustion compared with -
the 20- to 40-percent change of reference 7. _ o

In reference 7 pressure changes along the top wall of the tunnel -
during combustion were not measured for the first few lnches downstream
of the fuel orifice, so that no hint of the sharp rise in static pressure
Immediately behind the fuel orifices was found. This peak region of
gtatic~-pressure change just downstream of the flat-plate fuel orifices
was apparently associsted with the obligue three-dimensional shock system
caused by the combustion.

Figure 28 shows & two-dimensional sketch of the upstream portions of
a typical flame and assoclated shock waves in the plane perpendicular to
the model surface through the centerline... SBuperimposed on this sketch is
a plot of the corresponding chordwise static-pressure-change profile in
this region. The upstream portions of the flame apperently affected the
externel stream flow aerodynamlcelly much like a s0lld half-wedge of about
10°. This concept is supported by the low mass flows calculated (appendix
C) for the flame region from the stream-parameter measurements in the
flame, which indicate that much of the air is deflected around the flame
zone.
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The series of shock waves indlcated in the sketch, which are
generated by the flow compression and which combine to form a single
wave (in this plene) at about & 32.5° angle, were clearly seen in the
schlieren photographs. The occurrence of a sharp drop in pressure along
the model surface just downstream of the peak regilon indicates that this
strong aerodynamic compression was apparently immedlately followed by a
strong aerodynamic expansion region in the stream externasl to the flame
{provided the pressure gradients perpendicular to the model surface in
the flame are small in this region). The pressure reaches a minimum at
a distance of 4 to 5 inches downstream of the fuel orifice. The actual
cause of this pressure decrease within the flame region is not clear.

It 1s probably assoclated with a low rate of combustion in this area, or
possibly it is assoclated with the spanwise expansion of the heated
region in this area (see ash pattern of fig. 6).

Figure 28 shows that both the peak and the region of decreasing
pressure occurred in & region of the flame which i1s physically expanding
in the direction perpendicular to the plate surface. Comparison of the
flame photographs with the chordwise-pressure-change curves indicates
that the position of the peak pressure may colincide with the inflection
point of the curve bounding the upstream portion of the flame and the
external stream. The minimum pressure occurred at the first plateau of
the flame boundary. Following the minimum there was an increase in
pressure with increasing distance downstream, and the flame and pressure
fields became more uniform. In this region the flame expanded out grad-

ually from a thickness of l% inches to & maximum thickness of 2% inches

at rake station II and then contracted slightly between rake station II

and the end of the plate. Comparison of the stream measurements (figs.

24 and 25) at rake station I with those at rake station II shows that
further combustion of fuel probably occurred in this region with additional
air entering the flame.

The Increase in pressure with increasing distance downstream noted
along the downstream half of the extended flat plate may have been caused
by tumnel effects. Because of the short distance between the model and
the tunnel walls compared with the length of the plate, the flame shock-
wave system was reflected from the tunnel wall and Implnged on the flame
boundary at a point upstream of the base of the model. This, in itself,
might be expected to cause an increase in pressure with increasing dis-
tance downstream if the shock waves remain strong. The presence of a
thick layer of subscnic flow in the flame (indicated by the stream data)
would permit the pressure disturbances to propagate upstream. In fact,
it is possible that the reflected shock wave may have caused extensive
flow separation (as suggested by the strong adverse chordwlse pressure
gradient downstream of the minimim) similar to that caused on a smaller
scale when a shock wave of sufficient strength impinges on a boundary
layer. It should be noted, however, that further combustion in this

i
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region might, in itself, cause flow separftion. In addition, channel
effects on the nonheated flow between the flame zone and the tunnel wall
may be important in this investigation because part of the pressure
increase accompaenying a reduction in Mach number could be transmitted
upstream through the subsonic heated region and thereby change the shape
of the pressure profile. Because of the gquasi-conical nature of the
shock system, and because of possible canceling action of the expansion
waves which originate in the decreasing pressure region, the Mach number
reduction caused by the reflected shock waves may not be large. It is
not possible with the present data to determine what part of the Mach
number reduction in the unheated stream is due to reflected waves and
what part is due to further compression of the stream caused by combustion
in the downstream portions of the flame region.

Thus, if the tunnel effects Just described are of primary rather than
of secondary importance, then the increase in pressure downstream of the
minimum might be considerably less or might not occur at all in free
flight. In this case the increase in 1ift and the reductlon in drag re-
alizsble from external combustion for a given expenditure of fuel would be
sizably less than indicated by the data of this report. In this connec-
tion it should be noted that the short-flat-plate date also show a trend
toward increasing pressure with dilistance downstream of the minimum, even
though the reflected flame shock system intersected the heated region at
& point in the wake which was well downstream of the base of the model.
However, as thils region of the heated wake was probably subsonic, it 1s
possible that even here tunnel effects may have caused the pressure rise
downstream of the minimum. The magnitude of the tunnel effects can best
be determined by performing s similar experiment in & large tunnel or
with e free-flight model.

The analysis of the stream-parameter measurements during combustion
was complicated by the lack of a proven model for the air flow in the
heated region. In fact, even the locus of the heat addltion was not
known wlth certainty. Several flow models are suggested by the data.

As mentioned previously, it i1s possible that the combustion occurred

in a region of separated flow in which large-scale vortices existed.
Another possibility 1s that a wave phenomenon, such as a standing
detonation wave, occurred. Inasmuch as the measurements do not clearly
establish the presence of either of these flow types, a simplified flow -
model was chosern for the stream calculations of appendixes A and C. In
this model it was assumed that any reverse or vorticular flow which might
have existed occurred only in a shallow layer next to the plate surfece
or at the boundery of the flame and nonburning flow. The rest of the
flow in the heated region was assumed to be stream-tube flow at small
angles to the free-gtream flow.

The analysis of the stream-parameter measurements made at rake
stations I, II, énd III during combustion runs indlcated that the local

- R
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stream velocities were subsonic over much of the depth of the flame.
Figure 27 shows that only in the outer portlions of the flame zone was
the flow sonic or low supersonic at these statlons. Because of the
existing uncertainties in the determination of the local Mach number in
the flame, 1t is interesting to consider the effect of the weight-flow
rate of ailr through the flame on the total temperature. In appendix C
it 1s shown that, if the calculated Mach numbers of figure 27 are employed
to determine the average air weight-flow rate through the flame from the
stream data at reke station III, & value ls obtained which is sbout one-
ninth of the rate through the same region prior to combustion. The
corresponding average fuel-alr equlvalence ratio in the f£lame was calcu-
lated in the appendix to be 0.34.
In appendlx D a relation between equivalence ratio and flame tempera-
ture is calculated. The results are given in figure 29, in which total
temperature in the flame zone is plotted as a function of the fuel-air
equlvalence ratio. The curve is approximate to the extent that the
chemical enthalpy actually released to the alrstream dependes on the static
temperature. This polint is discussed further in sppendix C. From figure
29 it can be seen that an egulivalence ratio of 0.34 corresponds to a
theoretical total temperature in the flame (assuming the reaction is
completed) of 2800° R. This temperature is in good agreement with the
magnitude of the total temperatures measured in the flame at rake station
III, ae can be seen from filgure 24. Thus, the high total temperatures
measured ln the stream are consistent with the subsonic and transonlc
Mach numbers celculated from the stream data.

If, on the other hand, the average Mach number in the flame zone is
assumed to be supersonic, the fuel~-air equlvalence ratio would have been
too low to explain the high measured total temperatures. For example,
1f the flow in the flame zone is assumed to be at a Mach number of 2.0,
the value of the egulvalence ratio calculated from the data at rake station
IIT and the fuel-injection rate would be 0.06. From figure 29 it is
apparent that the total temperature expected would be much less than the
averaged measured value at station ITI. If the Mach number ig assumed
to be sonic throughout the flame, the calculated total temperatures would,
of course, be much closer to the measured values than for the Mach 2
assumption.

In view of the various approximetions made in the Mach number calcu-
lations and the inherent inasccuracles in the stream measurements, it can-
not be esgtablished with certalnty that the flame zone was not sonic
throughout. However, the results of flgure 27, which shows a large portion
of the flame region to be subsonic, are most consistent with the measured
values of the stream parameters obtalned.

Thus, it appears that much of the heat addition due to external com- .
bugtion occurred in & flow which was locally subsonic in the flame. Only

CONERRNN—
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at the boundaries of the flame reglon did heat addition occur in regions
which were sonic or supersonic. The sizable pressure increases measured
on the flat-plate surface resulting from the exterpal combustion of
aluminum borohydride are in qualitative agreement with the results of
various theoretical investigations. These investigations predicted that
appreciable 1ift would result from external combustion below & wing in a
supersonic stream whether or not the theoretical model assumed that the
heat addition occurred in s locally supersonic (ref. 4) or a locally
gubsonic (ref. 5) region. The combustion and flow fields present in
this experiment do not correspond in detail to the theoretical models of
elther reference 4 or 5. It is not possible, therefore, to make detailed
quentitative comparisons of the experimental data with the theoretical
results without modifying the theoretical models to correspond more closely
to the conditions of this experiment.

The short duration of the combustion runs of this experiment intro-
duces some additional difficulties in interpreting the results. Although
the messurements indicated that the combustion and flow fields rapldly
reached a steady state in the stream, the model surface témperature
increased only slightly during the short runs. Since an equilibrium sur-
face temperature was obviously not reached, a considerable amount of heat
transfer from the stream to the model occurred. It is, therefore, not
certain what effect prolonged combustion, which would allow the surface to
reach thermal equilibrium, might have on the pressure field. It appears
likely that the pressure field would not be changed much, but the viscous
Porces on the surface may very well be changed. It therefore appears
important in future experiments to measure the viscous forces on the sur-
face during both short and long combustion runs.

SUMMARY OF RESULTS

An exploratory experimental investigation of the aerodynamic effects
of burning aluminum borohydride in a Mach 2.46 alrstream adjacent to the
gurface of a flat-plate model wes conducted in & 1- by l-foot supersonic
wind tunnel. Measurements of surface static and base pressures, stream
total temperatures, and stream total pressures during combustion were
made along with direct and schlieren photographic observation of the flame
and associated stream disturbances. The aerodynamic measurements were
subject to presently undetermined tunnel effects, the magnitude of which
can best be found by mesking & similar large-tunnel or free-flight investi-
gation. The following results were obtained in this investigation:

1. Liquid aluminum borohydride injected (approx. 11 ce/sec) into the
stream adjacent to the flat-plete-model surface burned with a stable steady
flame after ignition.

8CTY¥
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2. Static-pressure increases averaging about 60 percent were measured
at the flat-plate surface as a result of the external combustion. The
average static pressure during combustion reached a maximum value (2.7
in. Hg change, or a 90-percent increase) just downstream of the fuel
orifices. Following this, the pressure decreased sharply, reaching sa
minimum (0.7 in. Hg change, or a 23-percent increase) at a distance of
4 to 5 inches downstream of the fuel orifices. Downstream of the minimum
value, the pressure increased with distance, reaching a level corresponding
to a change in pressure of sbout 2.1 inches of mercury (a 70-percent in-
crease) near the end of the extended flat plate.

3. The 1lift forces on the flat-plate surface resulting from external
combustion in the tunnel airstream at a pressure altitude of sbout 52,000
feet were calculated from the statlc-pressure-change data. The 1lift force
on the extended flat plate varied from 120 pounds for the weakest run o
283 pounds for the strongest run. The average value for all runs was 209
pounds, which was of the order of 100 pounds per square foot.

4. Large increases (up to 400 percent) in the base pressure of the
flat-plate models were measured during combustion. These pressure
increases were of sufficient magnltude to offer promise of sizable base-
drag reduction during externsal combustion.

5. Stream total temperatures were determined from measured rake data
in the flame region at three chordwise stations. The total temperature
was between 2400° and 3800° R in the hottest part of the flame (the layer

between.% and L% in. below the plate surface).

6. Large changes in total pressure occurred in the flame region.
Total pressures in the flame as low as 5 or 6 inches of mercury were
obtained from the total rake data. The corresponding nonburning values
were approximately 48 inches of mercury.

7. The local Mach number 1ln the flame reglon was estimated from the
stream rake data. The calculations indicated that the Mach number was
subsonic in much of the flame zone, becomlng sonic and low supersonic in
the outer portions of the flame adjacent to the nonburning stream.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohilo, May 29, 1957
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APPENDIX A

CALCULATION OF TOTAL TEMPERATURE, TOTAL PRESSURE, AND MACH
NUMBER OF HEATED STREAM FROM INDICATED RAKE DATA

Several factors made the conversion of indicated stream data to local
stream values difficult. They are 8 lack of a clearly established model
for the flow field in the heated region; a lack of understanding of the
type of combustion occurring; and the many uncertainties with regard to
the composition, kinetics, and thermodynamics of the system. For example,
it was not known a prlori whether the combustlon caused the heated region
of the supersonic stream to become sonic, subsonic, or merely low super-
sonic. In addition, hecause of the adverse pressure gradlents present
along portions of the flat-plate surface during combustion and because of
the very large decrease in total pressure, flow separatlon may have oc-
curred. If extensive flow separation took place, it is possible, although
not conclusively indicated by the stream data, that large-scale vorticular
flow may have occurred throughout much of the heated region.

For these reasons it is necessary to make quite a few simplifying
physical sssumptions in order to determine local total temperatures,
total pressures, and Mach numbers from the indicated stream data. For
example, it is convenient to assume that the isentropic exponent Y
depends only on the temperature of the stream and not on the composition.
Actually, since the composition of the airstream changes with introduction
of the fuel, and because dissoclation and phase changes of the combustlon
products occur in the flame, the effective local value of 1 1n some
portions of the stream may differ from that calculated for air at the same
temperature.

For the purpose of calculating the stream parameters 1ln the heated
region, it was assumed that the flow behaved aerodynemically as if it were
heated ailr. Since 80 percent of the air (Nz) was unchanged by the com-

bustion, this appears to be a reasonable assumption. In addition, 1t wes
assumed that large-scale vorticular flow wes not occurring in the heated
region, that is, the ailr flow was parallel to or at small angles to the
flat plate. Furthermore, the heat added (or lost) by chemical reaction
to be small compared with the total heat added to the stream upstreem of
the measuring station. That is, the reaction was assumed to be essentially
completed. In some regions of the flame this may bave been a poor assump-
tion as the reaction mey have been incomplete and the unburned fuel may
have burned locally in the stagnation region of the probes. The assump-
tion of complete reaction is probebly much better at rake stations IT and
III than at station I since the data indicate that additionmal combustion
probably occurred between stations I and IL. If the local flow was

BCTY
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supersonic within the flame region, then the problem is further complicated
by similar difficulties in calculating the total-pressure loss across the
normael shock wave ahead of a total tube.

With the preceding assumptions, the local total temperatures, total
pressures, and Mach numbers were obtained from the indicated data by an
iterative calculation employing the usual equetlions for compressible flow
of & perfect gas (ref. 11). One of these equations gives Mach number as a
function of static pressure, tobal pressure, and Y. The static pressure
at a point in the Fflame was obtained from the measured static pressure at
the corresponding point on the plate surface during combustion. Because of
the effect of the rakes on static pressure discussed in sppendix B, dual
calculations were made employing static pressures with and without the
presence of rekes In the flame. The local values of total pressure were
obtained from the indicated total pressures during the iterative calcula-
tion. The indicated total pressure at each total tube locatlon was ob-~
tained by adding the change in indicated total pressure (table V) caused
by combustion to the local nonburning indicated pressure P; for the run

(table I gilves measured ratios of P,/Pn). The local values of Y were
=0

determined from the local stream temperatures by employing the relation
between ¥ and temperature glven in reference 11 for heated alr. This
gave values of v as low as 1.30 in the hottest regions of the strean.

In order to obtain the local stream temperatures and therefore
appropriate local values of 7T, the indicated total-temperature datas of
table IV were corrected for radiation and recovery losses during the
process of iteration. Heat-traensfer data for thermocouples in high-
temperature high-velocity streams are, however, very limited. Therefore,
the conversion of the indicated temperatures of table IV to loesl stream
total temperatures required some extrapolation of the availlable heat-
trapsfer data. The methods and heat-transfer data given in references 12
to 14 were employed in the calculations.

With conduction losses (which are small) neglected, the total tempera-
ture is given by

Tt - Ta) * (AT)rad * (AT)rec (A1)
where
Ty local total temperature of stream, °R
T temperature of thermocouple wire, °R

(AT) pgg correction for radiation losses, °R

(aT) correction for recovery losses, °R

rec

Pt e, Y
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For the range of Mach numbers present in this experiment, the radila-
tlon correction for a bare wire in subsonic cross flow is given by the

relatlon
27 73 [ 1y \O-18 <Tw 4 70 |
(AT) e =~ \To00 1000/ ~ \1000

where

&y emissivity of wire

d wlre diameter, in.

M Mach number

o static pressure, atm (1 atm = 29.92 in. Hg)
To well and plate temperature, °R

Because the wind-tunnel walls and the flat-plate surface do not heat
up in the short runs of this experiment,

(i) << ()
1000 1000,

276, //d 3.82
(AT) pag = _,/-%‘ (‘&L) (A2)

Therefore,

1000

The spike-type Junction used for the platinum - platinum plus 13 per-
cent rhodium thermocouples and the transverse butt-welded type Jjunction
used for the chromel-alumel thermocouples have approximately simllar heat-
transfer characteristics but differ somewhat from the bare wire in cross
flow previously discussed. Therefore, equation (AZ2) must be modified as
suggested in reference 12 to account for the heat-transfer difference.

For the spike-type Junction,
(am) 1.3x27e, /3 [ T, \3-82
rad JE 1000

The quantity l.sz7QD&ﬁ§ can be treated as a constant for each
particular thermocouple and will be denoted as Kﬁad' For the thermo-

couples employed 1n this Investigetion,
K?ad = 3 for the chromel-alumel thermocouples

0.9 for the platinum - platinum plus 13 percent rhodium
thermocouples

-~ —
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Then,

(Ar) 1000

_ K (_%»_)3'82
rad — «/ﬂi

Thus, with the use of the radiastion constant K;;d’ the radiation correc-
tion was computed from the Indicated temperature, the sgtatic pressure
during combustion, and the local Mach number obtained from the calcula-
tlons. .

With the radiation correction calculated, the recovery correction
was obtalned from the approximation

(AT)pee = (L - Bg) [Ty + (AT)rggq]

vhere Rp 1s the recovery ratio for the spike-type junction at the calcu-
leted Mach number. The factor 1 - Ry i1s small in magnitude, being be-
low 0.02 for subsonlc Mach numbers and equal to 0.055 at a Mach number

of 2.46. Values of Rp or 1 - Rgp as a function of Mach number are

given in references 12 to 14.

Upon completion of the iteration.process, local values of total tem-
perature, total pressure, and Mach number were obtained. Plots of average
values of the stream parameters are given in figures 24, 25, and 27,
respectively.
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EFFECT OF STREAM PROBES ON LOCAL STATIC PRESSURE DURING COMBUSTION

Inasmuch ag the rakes disturbed the stream and the flat-plate
boundary leyer, and because they may have altered the combustion, static
pressures upstream of the selected probe positions were measured at the
model surface taps during each run. These static-pressure proflles were
compared with the static-pressure profiles meagured during combustion
without the presence of rekes in the stream. In addition, the direct
motion pictures of the upstream balf of the extended flat plate were
examined for evidence of intensification of the flame in the viecinity of
the rake. There was no conclusive evidence in the photographs that the
reke in the number I position (the only one that could be photographed)
acted as a flameholder or altered the combugtion in any way. The static-
pressure profiles, on the other hand, indlcated some differences. The
static-pressure-date upstream of the rakes are summarized in table II
(runs 22 to 50). In Pigure 30 the averages of all the static pressures
measured during the combustion runs in which a rake was present are com-
pared with the averages of all no-rake runs. The average curve does not
incilude data from runs 48 to 50 because the static rake was of considerably
different shape than the total-pressure and -temperature rakes, which
were gimilar in construction. In addition, the static reke runs were not
typical in that the fuel-flow rates were below average. Figure 30 shows
that the general shapes of the two average chordwlse static-pressure-change
curves are similsr. Two main differences are apparent, however. The rake
runs indicated a smaller increase in static pressure over the downstream
half of the flat plate and a small upstréam shift of the peak-value
position. The reduction in pressure increase over the downstream half of
the plate in the rake runs may have been due Lo an average difference in
intensity of the combustion during the rake runs in comparison with the
no-raeke runs. However, the average fuel-flow retes computed for the two
sets of runs were approximately the same (10.9 and 11.1 cc/sec). Inasmuch
as the downstream half of the extended flat plate was not directly ob-
servable, there mey have been unobserved differences in the combustion in
this region which may have affected the pressure fields.

In figure 31 the average static-pressure change measured at the model
statlc teps ahead of each rake station for all runs with a rake at the
respective station is shown along with the average of all no-rake-run
date for comparison. The averages for the rake-run data include the data
for all runs using eilther one of the two total-temperature rakes or the
total-pressure reke. In addition to the trends dlscussed in the previous
paragraph, the most noticeable characteristlic of the data of figure 31 1s
the disturbance of the pressure field immedistely upstream of the rakes
located at station I. Examination of the data of teble I shows that this
effect was experienced primarily when the total-pressure rake was in place
at station I.

QNS LRERRAT
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In order to examine further the effect of the total-pressure rake
on the model statlic pressures upstream of a given reke station, the date
for the total rake runs only are shown in figure 32. This figure shows
the average chordwlse model static-pressure change measured ahead of the
total rake at the three stations. For comparison, the over-all average
increase for all runs with the rakes in the stream is shown. Figure 32
shows that the total rake apparently considerably dlsturbed the pressure
distribution during combustlon for a short distance upstream of the end
of the total tubes when the rake was located at rake station I. The
static-pressure change with the total rake at stations II and IIT, on the
other hand, did not differ significantly from the average for all three
rakes.

In summary, it appears that the distribution of the static-pressure
change (upstream of any given rake) during combustion with the rakes in
the stream was generally similar to that for the no-rake data for runs
with the rakes at stations IT and ITI. The most important difference
was that the pressure increase was somewhat smeller over the last half
of the flat plate (fig. 30). At rake station I, the thermocouple rakes
also apparently caused little disturbance to the upstream pressures during
combustion. On the other hand, the total-pressure rake located at statlon
I caused considerable disturbance upstream during combustion, with the
static pressure Just ahead of it being considersbly higher than typlcal.
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METHOD USED TC DETERMINE FUEL-ATR EQUIVALENCE RATIO

The approximate equivalence ratio of the aluminum borohydride - air
mixture in the flame below the flat plate can be determined from the
measured data. The welght fuel-sir ratic can be determined from the
measured fuel-injection rate and from the calculated alr welght-flow rate
through the flame. The air welght-flow rate Va,c through the flame can

be determined from the stream-parameter measurements from the relation

Vg,c = — — —= MlAf ClL
8, = T o7 %o (c1)
where
ve &average (over Ap) stream velocity in flame at measuring station

vy stream velocity prior to combustion at measuring station
DPe static pressure in flame at measuring station
statlc pressure prior to combustion at measuring station

t average (over Ap) static temperature of heated stream at measuring
station

t1 static temperature of stream prior to combustion at measuring station
weight flow per unit ares prior to combustion
Ap cross-~sectional area of flame at measuring station

In calculating the equivalence retio, the data from rake station III
(fig. 8) were employed. Station III was chosen because the combustion was
more likely to have been completed than at the upstream stations. The
value of Ap in equation (Cl) will, therefore, be the cross-sectional
area of the flame at rake station III. Based on visual observation of
the flame and the surface ash deposits along with the rake measurements,
Af was estimated to be 20 sguare inches at station III. The original

weight flow through this area prior to combustion mjAr can be calculated
from the nonburning serodynamic data for the tunnel. The values of Py

and ©p. were measured dlrectly, and t1 and v] were readily calculated
from the nonburning aerodynamic data. The velues of t, and v, were
calculated from the measured total temperature and the local Mach number
in the flame at station III (fig. 27). The average static temperature

) Gﬁii_ﬂ_ m _iﬂl F'E*
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over the 2.5-inch depth of the flame at station IIT obtailned by this
method 1s 2200° R. The average velocity is 1050 feet per second. Sub-
stituting these values in equation (cu) glives

w _ 1050 ft/sec , 5.22 in., Hg . _257° R
8,¢ "~ 1914 ft/sec 3.09 in. Hg ~ 2200° R

(4.12 1b air/sec)

0.11(4.12 1b air/sec) = 0.453 1b air/sec

That is, the mass flow of air through the cross-sectional srea of the
flame at statlion III 1s about one-ninth of the amount flowing through
the same ares prior to combustion. Knowing the air mass-flow rate and
the average fuel-injection rate (11 cc/sec) along with the density of
the fuel, the fuel-air ratio f/a is calculated to be

£ 0.0133 1b fuel/sec 1b fuel
I = 0.0294 =———=
a 0.453 1b air/sec 1b air

Since the stoichiometric fuel-air ratio (f/a).y for aluminum
borohydride - alr mixtures is 0.0863 pound fuel per pound of air, the
equlvalence ratio ¢ is

0 = f/a _ _0.0294 _ .z
(f/a)qy 0.0863

In view of all the approximations involved in & calculstion of this
type, the value of equivalénce ratio obtalned is primarily indicative of
the order of magnitude prevalling during the combustion runs.
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CALCULATION OF FLAME TEMPERATURE

In order to compare measured flame temperatures and equivalence
ratios with the theoretically expected values, the flame temperatures of
aluminum borochydride - air mixtures were calculated.

Static Calculations

Since flow conditions after combustion could not be deduced a priori,
it was found convenient to first treat the flowing system as 1f it were
static. The average static alr temperature of the Mach 2.46 stream prior
to combustion (254° R) was used as the air temperature of the nonflowing
mixture. The initial temperature of the aluminum borohydride in this
experiment was spproximately 536° R. The equilibrium flame temperatures
calculated are, therefore, the temperatures to be expected in a static
chanmber when air at 254° R is allowed to react adiabatically at a constant
pressure of 0.1641 atmosphere with aluminum borohydride initially at a
temperature of 536° R. The pressure selected (0.1641 atm) was the average
measured static pressure of the combustion zone during combustion.

The equilibrium flame temperatures were casleculated for aluminum
borohydride - air mixtures by a techmnigque which is essentislly that of
reference 15. It was assumed that the only products of combustion are
A10, Al1203(gas), BO, BpOz(gas), OH, H20, Oz, Hz, Nz, NO, Alz03(condensed),
Bzos(condensed), Al, B, H, and O. The equilibrium composition of the
products was then calculated at four temperatures, 500°, 1000°, 2000°,
and 2500° K, for each of four equivalence ratios, 0.1, 0.5, 0.8, and 1.0,
at a pressure of 0.1641 atmosphere. With the product compositions known,
the enthalpy of each of the mixtures at each temperature was calculsated.
The taebulated values of reference 15 were used, except that the values
for B0z were corrected as suggested in reference 16 to make use of recent

vepor-pressure data (refs. 17 and 18).

For each equivalence ratio, a plot was then made of enthalpy agailnst
temperature. Since conservation of energy requires that the enthalpy of
the reactants equal the enthalpy of the products, the only remsining
requlirement for finding the flame temperatures was the enthalpy of the
regctant. For oxygen and nitrogen, the values were obtained by linear
interpolation of the values in reference 15. The enthalpy of the fuel was
obtained on a base which is consilstent wilth the other values by meking use
of the reported (ref. 19) 298° K heat of combustion of aluminum borohydride
(984 keal/mole) and the 298° K enthalpies of Oy, B0z, Al,0z, and E,0 of

reference 15. With the reactant enthalpy known, the equilibrium flame
temperature for each equivalence ratio was obtalned from the enthalpy-

temperature plots.
“SSRSELLEIIIIAL,
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Stream Temperature

The preceding calculstion does not directly provide an indication of
what the total temperature of the stream 1n the flame zone should be for
a given equivalence ratio. In order to convert the preceding temperatures
to stream temperatures, the change in temperature occurring in the static
mixture was assumed equal to the change in total temperature of the flow-
ing stream in the flame region. This 1s not strictly true as the heat
capacity and the chemical composition of the products depend on the static
temperature. Therefore, the amount of heat added to the stream depends
on the final static temperature, which is, in turn, dependent on the final
Mach number. In this temperature range, the heat capacities of the pro-
ducts do not vary greatly with temperature; furthermore, equilibrium
calculations suggest that the composition does not vary appreciably with
temperature. The assumption that the temperature rise (obtained under the
conditions of the static chemical reaction) is equal to the change in
total temperature of the stream therefore seems Justified. Figure 29
shows the calculated total temperature (°R) as a function of the fuel-ailr
equivalence ratioc. For a given equivalence ratio, there should be reason-
able agreement between the temperature given by figure 29 and the measured
total temperature at the downstream reke stations. In appendix C the
average equivalence ratio of the flame was calculated from the stream
messurements at rake station IIIX. A value of ¢ = 0.34 was obtained.
From figure 29 the calculated total temperature is 2800° R. This value
ig in good agreement with the magnitude of the measured values of total
temperature shown in figure 24.
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TABLE I.

- NONBURNING AERODYNAMIC DATA

NACA EM ES5TEL6

(a) Average ratioc of static pressure to free-
stream total pressure p/PO

Static [Short flat plate Extended flat plate
%;ﬁg 3) No Ignitor | No Ignitor |Ignitor
* 1gnitor I ignitor| II IIT
Chord- 1 0.0620 {0.0620 | 0.0825 |0.06825 |0.0623
wise 2 .0608 | .0608 .0608 | .0808 .0608
3 .0588 | .0588 .0575 | .0574 | .0573
4 .0802 .0802 .0595 | ,0594 | ,0594
5 0635 | .08635 . 0625 .0629 . 0623
6 .0654 . 0654 .0623 | .0628 .0624
7 .0654 | ,0654 .0619 .0618 .0816
8 .0621 | .0622 .0619 .0618 | .0615
9 .0628 | .0628 .0625 | .0624 | ,0823
10 .0642 .0642 .0642 | .0640 | .0639
11 0647 .0647 . 0629 .0630 | .0628
19 —— - .0658 | .0657 . 0657
20 -—— -— .0630 | .0631 | .0628
21 -——— —— .0615 | .0817 .0614
22 -— ——— .0625 .0823 . 0621
23 -— -— .0650 | .0650 | .0647
¥ 24 —— —-—— .0658 | 0777 . 0656
Span- 12 0.0643 [0.0644 | 0.0615 |0.0618 [0.0612
wise 13 .0627 .0627 .0607 .0606 .0610
14 . 0637 . 0837 .06825 | .08629 . 0625
15 .0616 .0B16 0620 | .,0620 | .0618
25 —— -—— .0640 | .0640 | .0640
26 -— - 0643 | ,0641 | .0640
27 -— -— .0617 .0619 . 0617
28 -— -—— 0820 | .0622 .0619
Base i6 " | 0.0170 | 0.0182 — —_— —_—
17 .0169 .0185 -_— -— ~——
18 LO0L71 | .0166 -—— —-—— -
29 -—— —— 0.0200 | 0.0219 |0,0199
30 - ——— .0200 | .0218 | .0200
31 —— -——- .0198 .0198 | .0195

aeT®
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TABLE I. - Concluded. NONBURNING AERO-
DYNAMTC DATA
(b) Average ratio of indicated total

pressure to free-stream total
pressure Pl/PO

Distance | Reke stastion (fig. 8)

from

Flat- I IT ITT

plate

surface,
in,

1/4 0.5087 | 0.5148 | 0.5233
3/4 .5120 | .5132 | .5228

1z 5087 | .5153 | .5286
1% 5023 | .5144 | .5283
z% .4987 | .5272 | .5204
25 5099 | .5184 | .5096
5% .5120 | .5228 | .5142
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TABLE II. - SUMMARY OF

Fun|Model Primary Hellium lzuel Fuel ﬁel R:ke 8tatic-pressure increase, in. Hg, at static pressure tap -
nmeasure- injec-{in injec-~ - a
ment tion [in- |tion Jec-~ |sta- 1 2 3 4 B & 7 8 ? 10
pres- tlec-|time tion (tion -
sure, |tor, [(length{rate
1b/8q | co ot oe/'
in. pulse se0
gage .2
sea),
Bec
1|Short |Chordwise 80 |21.3| 2.3 9.3 2.08|%1.78 20,50} 0.48]%0.73|0.87
2|flat |static- 50 (15.0| 2.9 5.2 2.24|21.44 2,23
3|plate |pressure 80 |14&.0| 1.0 14.0 0.87| &.7a .69| %,91(1,04
4 chenge 50 [15.0] 1.8 9.4 2.01|21.468] .78| *.50} .32 .42
5 t 50 [16.0| 1.3 11.8 2.17)81.63) .91| &.80( .37 A9
6|Bx~ |Chordwise 50 [15.0] 1.8 8.5| Wake | O 0 89.8%| 1.48§ 1.20| 0.68 0.2%)0.07| 0.15
7|tend- [statioc- 50 |15.3| 1.3 11.8| Wake | O o 83.85! 1.74| .95| .67/80.63] 1.08[1.22| 1.41
8led pressure 5 |23.7( 2.4 9.8 a].42 1.07 .68| 8,50 .95|1.17] 1.59
9/flat |change 50 (24.1] 1.9 12.7 & g5
b10|plate 50 {24.4] 3.1 — 0 04 2.50| 1.70| 1.40| .94| 8.75] .41] .24| .36
11 50 [25.6| 2.8 9.9 0.07! 0.05(%2.60 0.85] 0.46[%0.38] 0.40]0.66| 0.95
12 50 (25.0| 2.3 10.9 [} 83 48| 2.09] .99 .75| %.82| 1.09[1.31f 1.52
13 50 [25.0) 2.6 9.6| Wake 07| .04|85.48| 2.58! .g8| .54 .35 1.02
b1y 75 |25.0] 2.7 ———— 04| 02| 2,a8! 1.82] 2.48| 2.11| ®.908] .95[1.11| 1.34
15 75 |24.0f 1.8 13.3 .05 .04|@3.90] 2,71} 1.28| 1.00|%1.42| 1.84[1.85] 2.01
18 Spanwise 5 23.0] 2.4 9.6| Wake
17 stetio- 50 ]25.0{ 2.8 9.6 85,94
18 pressure 50 [20.0] 1.7 11.7| Wake 1.19/%1.38
19 change 76 {20.0( 2.7 11.7| Wake 1.18
20 1 50 [20.0| 1.6 | 12.5| Wake
21 50 |[21.0] 1.8 11.0| Wake .97
22 Stream total- 50 |20.0| 1.8 12.5 Ilo 0.52{22,26/21.98|%1.32(|*1.38|%1.64
28 pressure 50 |20.0f 1.8 12.5 If0 .52132,2¢]22.02(81.52|81.35
24 change 50 (17.0] 1.4 12.1 Ijo 44]22.46(21.96 (81,41
25 50 [18.0f 1.8 11.9 IZ | O .66 (22,23 |21.94(%1.17 1.11| 1.18
28 50 [20,0]| 1.8 12.5 II | o .80|22.10(81.70| 2.98 .e8| 1.02]1.12
27 50 [20.0f 1.8 11.1 |0 0.90{82.08 21.08 0.88] 1.02[1.12
28 50 |21.0} 1.7 12.3 IT | o .61 (82,08 2).08 .85] 1.04]1.19
29 50 [20.0] 1.8 11.1| IIT 1.53)81.88 .83 1.02
30 50 120.0f 1.8 12.5| IIT .86]82.08 1.03
51 50 |(21.0] 1.7 12.3| IIT 1.68]82.13
32 80 [20.0] 1.8 1.1| IIT .68(32.10
35 Streem total 50 |20.0| 1.8 11.1| IIT 0.85]82.10|21.75 29.87
54 temperature 50 |20.0] 1.8 11.1 III .80]%2.01 81,72
35 during combus- 50 [20.0| 1.9 10.5| III .19 |21.74
38 tion, ohromel- 50 [20.0| 1.5 13.3| III e3,19 |%1.75
37 alumel rake 50 [18.0] 1.8 9.5 II | 0.04 82,07 290.82 0.73
38 50 [32.0f 3.2 10.0 II | 0.07 82.041%1.74{%0.90
39 50 |24.0| 2.1 11.4 II 04 22,16/21.75{ &,75[20.45 %1.00
40 50 [24.0| 2.1 11l.¢ Iz .03 az.10}21.80! *.52| &, 0.70 2,78
41 50 |25.0] 2.8 9.6 I |®% 20.355182,15(81,80/%1.14
4i2 50 |25.0) 2.5 10.0 I {20 8,44(81,.95]87,.72] 2,93
43 Stream total 50 |22.0] 1.8 12.2 II {20.06)20.48(%2.04[81.78}20.93
o temperature 50 |32.0} 5.2 10.0 II | 8.03] ®,85(22.04|81.72] 2.94| 0.60| 0.51| 0.87]0.72
45 during combus- 50 |36.0] 3.7 9.5 I | 8.068| 2.50{%1.95/21.75{ &.88| .Bl} .50
48 tion, plati- 50 |25.0| 2.9 8.6| III | 2.07| 2.83|21.83)21.68] *.89| .48f .39
47 num - platinum 50 |25.0] 2.8 8.8 I L11] 2.65{82.04[81.73) 2.93 .58 .68
+ 13% rhodium
rake
48 Btream statio- 50 |25.0| 3.1 8.1 I 231.86|1.50(%0.88| 0.65( 0.63
49 pressure change| 50 |25.0| 4.1 8.1| IIT a31,.88|a1.50| a.82 .35
50 below plate 50 |25.0| 3.0 8.3 I 82,00{22,02(21.00( .65 .74
durlng
Y |combustion

SMeasured with strain-gage-type pressure transducer.
b1’&1.:.1’13 10 end 14 burned at two offcenter fuel orifices only {plug at center orifice).

RATH
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* COMBUSTION-RUN DATA
Stetic-pressure increase, in. Hg, at mtatic pressure tap -
11 [ 12 | 13 | 14 [ 16 17 18 19 20 21 | 2 25 | 24 | 25| 26 | 27 | 28 29
o]
Ny Y
~ 0.84]0.41 as,85183,.21 1
i 0.33 2y .67181.89 2
21.035| .88 R as_14/23.18 3
a.51) .28 .27 a2.56[82.86 4
&.B5| .28 Al 22,58/ 83,01 5
0.31 20.75| 1.14{®1.35(1.44(%2.61|1.61 [
1.66 a1.60| 1.77(21.76(1.99(82.10{2.06 7
1.68 aj.g8| 1.92(8).93|2.24|82.23|2.33 8
© a3 .65| 2.38{21.93}2.20(82.18|2.26 9
T .87 1.36|21.48{1.55(81,66]1.59
8 1.32 2).45| 1.81(81.86[2.04/82.21{2.05
1.74 21.79| 2.29(22.17]|2.21}82.35|2.25
1.33 1.77(21.92]2.05}82.18|2.08
1.58 a1.64| 1.77(81.87}2.01}81.96|2.88
2.14 a2.16| 2.36(82.48[2.56{82.54(2.31
aj1.25 0.58 0.62 &y g1 2.02[2.19f 2.25 2.10(2.07 2.18{%¢.18
2] .46 0.87| .98 21,64 1.75[/1.85] 1.84 1.75(1.70}1.82(1.79|23.91
1.10§1.0511.12 a1.87| 1.97|2.08| 2.07 1.99]1.94[2.07|2.08(&3.88
1.29{1.22{1.24(1.35 1.96/2.09] 2.08 1.97{1.90{2.10|2.09
1.02( .93]1.08/1.03 1.85/1.96] 2.01 1.89]1.90]1.97}2.01
1.52{1.34]|1.54|1.51
1.42{1.40|1.31]|1.54
1.54(1.56]1.55]1.60
1.57| .85{1.00|1.03| .78 1.51f 1.561%1.89
- 1.45| .80| .93| .83| .81 1.47] 1.67}81.77
1.42(0.86/0.94|0.83]|0.76 1.51] 1.68{%1.74
1.46| .77} .97] .s4| .78 1.47) 1.70{21.77
1.36 1.40 1.71}1.74f 1.77 1.74|1.81]|1.78{1.87
N 1.50 1.77(1.80f 1.82 1.81|1.82|1.85|1.88
1.46|21.58( 1.76§1.77] 1.82 1.78(1.85(1.85|1.86
1.48{21.57| 1.74{1.78] 1.82 1.85(1.87(1.83(|2.85
1.49|81.60| 1.72{1.76} 1.82 1.79(1.86{1.835]1.81
1.45 1.69{1.75( 1.80 1.78(1.83[1.78]|1.87
1.44[21.67} 1.79{1.80{ 1.85 1.80|1.87{1.86(1.90
1.47 1.77{1.80| 1.86 1.e8!1.83]/1.87|1.80
0.83 1.31 1.65
0.78 1.64
.84 1.38)%1.57| 1.73
1.09 1.46(%1.58| 1.75
2¢.01
23,78
8.57
0.51(0.67]0.47]0.67 1.46|21.41
.50| .28] .58
.60 A8 1.27| 1.36|1.41| 1.43 23 56
.52 .53
.64 .64
AL .40 0.37} 0.45|0.67 0.55
.57 .59

C QRSN S
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e NACA RM ESTELS
TABLE III. - TUNNEL TEST-SECTION CONDITIORS PRIOR TO COMBUSTION RUNS
Run| Model |Tunnel |Tunnel |Dew Mean |Mean [Mean Ignitor
totel |total [point, |Mach |static |stetic |(fig. 5)
pres~ [temper- op number |pres- [temper-
sure, |ature, below |sure, |ature,
Pos Ty, model,| pq ty
in., HE! OR M °R
1 | Bhort |46.95 564 =56 2.45 | 2.97 258 I
2 | flat - |47.72 564 -70 3,02 256 I
3 | plate 46.79 564 -84 2.96 256 I
4 l 47.50 555 -85 3.01 252 I
S 47.65 558 -85 3.01 254 I
6 [Bxtended|47.T1l 564 -49 2.46 2.97 255 IT
7 |flat 47.73 560 ~-44 2.97 253 IT
8 [plate 47.886 560 ~-50 2.98 253 IT
9 46,74 566 ~50 2.91 256 IT1
10 47.26 580 -48 2.94 253 IT
11 47.19 562 -44 2.94 254 IT
12 47,29 554 -26 2.95 251 II
13 47.80 5585 -52 2.98 251 IT
14 47.52 556 -48 2.96 252 IT
15 47.40 557 -48 2,95 252 IT
16 47.30 8557 =50 2.95 252 iT
17 47.57 555 -42 2.96 251 II
18 47 .43 560 =60 2.95 253 IT
18 47.63 560 -65 2.97 253 II
20 47.24 558 -45 2,94 293 Ir
21 47.42 563 -45 2.95 255 IT
22 47.85 566 =56 2.98 256 IT
23 47.01 564 =56 2.93 255 IT
24 47,29 574 —— 2.95 260 IT
25 48,80 520 -81 3.04 235 ITT
26 48,80 566 =60 5.04 256 111
27 48.65 553 -50 3.03 250 IIT
28 48,26 552 =55 3.01 250 IIT
29 47,39 559 ~78 2.95 253 ITT
30 47.56 562 -55 2,96 254 IIT
31 47,35 558 ~48 2.95 252 ITI
32 47,75 562 -48 2.97 254 III
33 47.34 562 -43 2.95 254 I1T
34 47,40 558 -47 2.95 252 IIT
35 47,35 563 -49 2.95 255 III
36 47.49 560 -41 2.96 253 ITT
37 46,95 559 ~45 2.92 253 I1T
38 47.16 563 -47 2.94 255 IIT
39 47.60 561 =80 2.97 254 IIT
40 47 .49 563 -80 2.96 255 ITT
41 47.64 558 -53 2.97 252 III
42 47,83 566 =53 2.98 256 ITT
43 47.64 556 =80 2.97 252 IIX
44 47.60 558 -42 2.97 252 ITT
45 48,06 563 -34 2.99 255 ITI
46 47,85 556 -52 2.98 252 IIT
47 47.85 562 -45 2.98 254 IIT
48 47.71 561 =25 2.97 254 ITT
49 47.48 562 -18 2,96 254 IIT
50 * 47,93 | 558 | -28 Y | 2,99 | 255 | 71T

8c1y
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TABLE IV.

e —_—

- INDICATED TOTAL TEMPERATURES DURING COMBUSTION

(a) Measurements in stresm adjacent to flat-plate surface

AR

Run Thermocouple
Chromel-alumel Platinum - platinum plus 13
percent rhodium
Distance from flat-plate surface, in.
1 3 1 3 1 3 1 3
1/4 | 3/4 1|1y | epierp|i/e|s/e| 17| 17| 27 |2F
Tempersature, °R
Reke station I, 5.25 in. from fuel orifice
41 |2810 | >3010 | 1040} 580| 560
42 2810 | 3010 640 700| 570
47 3160{ 2790| 660
Raeke station IT, 15.5 in. from fuel orifice
37 {2090 | 2450 2090{2240|1720 (740
38 |2600| 2740 | 2590}2190)1400|620
39 |2700| 2370 | 2290(1940(18201850
40 |2640 | 2400 | 236021101940 (890
43 3240|2410{20860| 1350 | 580
44 2870| 3470|3230 |2400| 1430 | 560
45 2880| 3370{2710 |2030] 10680 | 630
Reke station IIT, 20,0 in. from fuel orifice
33 11860 | 2240 |>2310(2280|1550|540
34 11910 2110 | 2510|2390 1430|560
35 (1850 | 1980 ( 2260|2440|1560|560
36 {1780 2630 | 2160}2310{1550|560
46 2460j 2790| 2540 [2020] 1250 | 680
(b) Wake measurements, 28,5 in.
from fuel orifice
Run | Distance from plane of fiat-
plate surface, in.
1].3
~1/4 | /4 |1/2 1 17 |17
Temperature, °R
6 700 830 910
7 1490 1450 860
13 1830 880 540
16 1730 1600 760
18 1420 810
19 1260 680
20 1410 840
2l 1570 910

43



44

NACA RM E5TELS

TABLE V. - INDICATED TOTAL-PRESSURE CHANGES DUE TO COMBUSTION L
_ 8
Reke Run Distence from flat-plate suwrface, in.
station 1 3 1 3 T
/4 | 3/4 17 17 27 27 3%
Pressure change, in. Hg
-3.5,
I |22 |-19.0 |-18.6 | 70°27| 6.25
-708,
23 [-20.0 [-18.4 | 7, 7| 6.25
24 |-18,55(-18.0 [ 2*2:| s.02| 6.55 | 6.14
II |25 |-19.1 |-19.1 |-17.95]|-16.7 |-16.6 |-8.0
3.8 ;
26 |-19.1 |-19.1 [-17.45(-16.45|-14.7 | _g ¢’
2.98, v
27 |-19.1 [-19.0 |-18.67 |-17.95-15.8 |_, 92’| 7.8
28 |-19.1 |-18.7 (-17.95(-17.95 |-15.95 | 2:2%7[7.3
IIT |29 |-19.4 [-19.6 |-19.4 |-19.1 |-16.95 | 7.8 |7.8
30 |-19.4 |-19.45[-18.8 |-19.0 |-15.6 | 7.95 7.4
31 [-19.7 |-18.6 [-19.4 |-18.6 |-15.9 | 8.03 [7.64
32 |-19.8 [-18.0 [-19.4 |-18.5 [-15.7 | 7.95[7.50
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Fuel injector
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coupling to
Emergency bypass s .motor drive
line to tunnel- T

~Valve for inerting
and flushing model. - |

Motor-driven
fuel~-valve openar

Figure 1. ~ Flat-plete-model Installetion in 1- by l-foot test section.



(a) Barning s8ids, or refersnce surface.
Figure 2. = Extended Tflat~plate model.
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(b) Nonburning side.
Figure 2. - Concluded. Extended flat-plate model.

&0

C-39115

9TELSE WY YOUN

L¥




PONRERE T, RACA RM ESTELS6

Station A

Station B

Distance from centerline, in.
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Figure 3. - Location of fuel orifices” F, statlc-pressure taps, and
thermocouple junctions in flat-plate-model surface.
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Bypass line ‘to tunnel

LLD

(?—Flushing valve
Upper valve

of injector

‘ ZFuel—:Ln,jec:'l:o:r
condensation
arm
/—Fuel
taine
) contalner %fgglat°r’
- 5
52332 22222? Lower or 1b/eq in.
_\ injection gage

E'Q valve

Emergency
bypass valve

L] Soleniod valve
for inerting
and flushing
model

Fuel orifices

Helium
(a) Schematic sketch.

Figure 4. - Fuel=injection system.
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(v) Valve-type fuel injector.

irive £

Figure 4. - Contimued. Fuel~injection system.
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Figure 5. - Ignitor configurations employed.
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(a) Strain-gage; run 12, table II.
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Flgure 7. - Traces of static-pressure changes from strain-gage and six-capsule dlfferentisl-pressure-transducer records.
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(b) Bix-capsule; run 17 of table II.

Figure 7. - Coneluded. Traces of gtatic-preasure changes from strain-gage
and six-capsule differential-pressure-tremeducer records.
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Figure 8. - Location of stream measuring stations in éenterline plane perpendicular to model surface.
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Shock wave
irom leading-
edge wedge

Leéaiﬁg-edge
Mach weve

Figure 9. - Schlieren photograph of
(upstream station). ,

totel~pressure rake at station I
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Figure 10. - Traces of Indlcated pressure changes from strain-gage~type pressure-

transducer record for total-pressure rake during run 28 of teble II.

comparison is trace of one static~-pressure change from same run.
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Figure 11. - Schlleren photograph of thermocouple rseke in stream
at station 1.
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FPlgure 12. - Semple indicated temperature traces obtalned during combustion from total-
temperature-rake recorder. (Run 45 of table II; platinum - platinum plus 13 percent
rhodium thermocouples.)
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‘Expansion™
fan

. : - - Shock wave
Mach wave B g B2 off helium

(a) Prior to combustion. Imerting helium is streaming out fuel
orifices causing weak shock system.

Figure 1l4. - Combination open-shutter and schlieren flash photographs
of combustion runs.
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Shock‘wave
off leading-
edge wedge

8CT¥

“¥lat plate®™™

(b) Combustion rum 31 (teble II).

Figure 14. - Contlinued. Combination open-shutter and schlieren
flash photographs of combustion riums.
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Shock wave e " . ' — Rl e
off leading- ' '
edge wedge

Fuel
orifice

“ -edge
' -c Weve

2 C-45093
(c) Combustion run 32 (table II).

Figure 14. - Concluded. Combination open-shutter and schlieren
flash photographs of combustion runs.
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Flat-plate surfece
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Frame 2

(a) Selected direct high-speed motion-picture frames.
frames 1 to 4; stage III, frames 5 to 10.

Figure 15. - Main (stage II) and end (stage III) stages of combustion in

Stage IT,

gtresm adjacent to flat-plate model. (Ruz 18, table II.)
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Frame 3

C-45076
Frame 4

(a) Continued. Selected direct high-speed motion-picture frames.
Stage IL, frames 1 to 4; stage IIT, frames 5 to 10.

. Figure 15. - Continued. Main (stage II) and end (stage III) stages of

coml))ustion in stream adJjacent to flat~plate model. (Run 18, table
II.
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Frame 6

(a) Continued. Selected direct high-speed motion-picture fremes.
Stage II, frames 1 to 4; stage III, frames 5 to 10.

Figure 15. - Continued. Main (stage II) and end (stage III) stages of
combustion in stream adjacent to flat-plete model.. (Run 18, teble

II.)

15, 4
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Frame T

Frame 8

(2) Contirued. Selected direct high-speed motion-picture frames.
Stage II, frames 1 to 4; stage III, frames 5 to 10.

F-igure 15. - Conmtinued. Main (etage II) and end {stage III) stages of
combustion in stream adjecent to flat-plate model. {Run. 18, teble
- II.)



68 SRR NACA RM E5TEL6

8CTIV

Frame 9

Frame 10

(a) Concluded. Selected direct high-speed motion-picture frames.
Stage IT, frames 1 to 4; stage ITI, frames 5 to 10.

Figure 15. - Continued. Main (stage II) and end (stage III) stages of
conﬂ;ustion in stream adjacent to flat-plete model. (Run 18, table
II.
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Zero angle
of attack

Frame 2

Heated region

Flame .
shock
system

Heated region

(b) Selected schlieren high-speed motion-picture frames;
- Stage II, frames 1 and 2; stage III, frames 3 to. 8.

Figure 15. - Continued.

Main (stage IT) and end (stage III) stages of

combustion in stream adjacent to flat-plate model. (Run 18, table

II.)
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' Frame 4

(b) Continued. Selected schlleren high-speed motion-picture frames.
Stage II, frames 1 and 2; stage III, frames 3 to 8.

Figure 15. - Cofitinued. Main (stage II) and end (stage III) steges of
combustion in stream adjacent to flat-plate model. (Run 18, table

IT.)
QQLES LRI AT,
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Frame 6
(b) Continued. Selected schlieren high-speed motion-picture frames.
Stage IT, frames 1 and 2; stage III, frames 3 to 8.

Figure 15. - Continued. Main (stage II) and end (stage IIT) stages of

com'z):ustion in stream adjacent to flat-plate model. (Run 18 , table
1TI.
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Frame 8

(b) Concluded. Selected schlieren high-speed motion-picture frames.
Stage II, frames 1 and 2; stage III, frames 3 to 8.

Figure 15. - Concluded. Main (stage II) and end (stage III) stages of
com?ustion in stream adjacent to flat-plate model. (Run 18, table
IT.
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(b) Run 5, table II.

Figure 16. - Chordwise distribution of static-pressure
increase on short-flat-plate surface due to combustion.

Qﬁl!!!!!!!!il



T4

- P, in- Hg.

C

Static-pressure increase, p

Run Fuel-

injection
rate,

cc/sec

9

5 —

14

9

1z —

uv<ono
[$) 38 S ¥ BV o

— AVerage

T

<

/ S o
/ g | °

w|o ®

| Base

/

-4 0 4 i 8 12

Distance from fuel orifice, in.

| I A N T Y T O
1 2. 3 4 5 6 7 8 9 1011
Static tap

(a) Chordwise.--

-4 -2 0 2 4
Distance from centerline, in. '

I I l
14 T . 12
Static tap

(b) Spanwise (station A).
Figure 17. - Static-pressure increases due to
combustion on short-flat-plate surface (runs
1 to 5, table II).
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(a) Run 12, table II.

Statlc-pressure lncrease, Pe - p, in. Hg
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Statlc tap

Lt 1
3 &4 5
(b) Run 13, table II.

Figure 18. - Static-pressure increases due to combustion on extended-flat-
plate surface.
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combustion (table II).
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 Figure 19. - Average, maximm, and minimum chordwise static-pressure increasea due to
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of attack

Frame 1

Frame 2

(a) Direct.

Figure 20. ~ Direct and schlieren photographs from maximm-pressure-
increase rum (run 15, table II).
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(b) Schlieren.

Figure 20. - Concluded. Direct and schlieren photographs from .
meximm-pressure-increase run (run 15, table II).

R



4&lob

79

NACA RM ESTELE SO
1.5 - :
¢ 4, &
Pap) <>
& N”
o)
1
.5
-6 -4 -2 o 2 4 6
Distance from centerline, in.
| | | ] ]
15 14 7 12 13
Static tep
(a) Spanwise, station A.
2.5
& ) f
éf 1.5
g -6 -4 -2 o] . 2 4 6
— Distance from centerline, in.
- | 1 L 1 I
. 28 27 a2 25 26
o Static tep
] (b) Spanwise, station B.
2 | I l I | |
o Run  Fuel- . Run Fuel-
B 4 injection injJection ___ |
q o rate, rate,
0 cc/sec ccfsec
5 > o 7 11.8 D 16 9.6 —
2 a s 9.9 o 17 9.6
8 < 11 9.9 o 18 11.7
Ly 3 > 12 10.9 ¢ 19 11.7 —
e v 13 9.6 6 21 11.0
: A
8 4
> L4 =]
. ELED
2 NS &
> /5//§' a o
@ B
< B8 o
[=] <
\J o <>§/
1 Q] b
P>
] <
S # @
d
m
O L
-4 o 4 8 12 18 20 24
Distance from fuel orifice, in.
L A N N I N N N A ! | I I I 1
1 2 3 4 5 6 7 8 9 1011 19 20 2L 22 23 24

Static tap

(e) Chordwise.

Figure 21. - Static-pressure increases due to combustion measured during runs
with fuel-flow rates between 9.6 and 11.8 cublc centlimeters per second.
Average pressure change for these rums is shown by faired curve.

=t e



80

Base pressure incresase, Pye ” Py in. Hg
9

L NACA RM ESTEL6
T 1 1 -
Run  Fuel-
injection
rate, —
ce/sec
p o 1 9.3 |
d o 2 5.2
S 3 14.0
> 4 9.4 ]
v 5 11.5
1]
t
l 1 |
18 17 18
Static tap '—
(a) Short flat plate. -
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(b) Extended flat plate.

Figure 22. - Base pressure increagSes due %o combustion.
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Zefo anglé
of attack

(a) Total-temperature rake.

Figure 23. ~ Selected frames from direct and schliersen high-speed
motion plctures of stream probes at station I during combustion.
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Freme 1
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(b) Total-pressure rake. .

Figure 23. ~ Concluded. Selected fremes from direct and schlieren
high-speed motion plctures of stream probes at station I during
combustion.
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Figure 24. - Average tobtal temperatures during combustion at three rake stetions in
stream adjacent to flat-plate surface.
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Figure 25. - Average total pressures durlng combustion at three reke stations in stream edjacent to flat-plate surface.
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Figure 26. - Stresm static-pressure changes due to combustion measured with gtatic-pressure rake.
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Figure 27. - Estimate of local Mach number in stream during combustion at stations I, TI, and ITI
as computed from stream data by simplified calculations.
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Figure 28, - Two-dimensional sketch (for centerline plane perpendicular to model flat-
plate surface) of typical flame shape and associated shock waves adjacent to upstream
portion of extended flat plate. Typleal chordwipe-pressure-Increase pettern in this
area is superimposed for comparison.
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Figure 29. - Calculated {appendix D) streem total temperature
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Figure 30. - Comparison of average of all static-pressure increases due to
combustion measured with rakes in stream with average with no rakes.
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Figure 31. - Comparison of saverage of all static-pressure increases due to
combustion measured upstream of all rekes at stations I, II, and IIT with
average with no rakes.
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Figure 32. - Comparison of average of all static-pressure increases due to
combustion measured upstream of total-pressure rakes at stations I, II, and
IIT with average for all runs with rakes in stream.
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